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energy needs of a growing and increasingly afﬂuent human population. Water plays an important role in
the production of energy, including renewable energy sources and the extraction of unconventional
fossil fuels that are expected to become important players in future energy security. The emergent
competition for water between the food and energy systems is increasingly recognized in the concept of
the “food-energy-water nexus.” The nexus between food and water is made even more complex by the
globalization of agriculture and rapid growth in food trade, which results in a massive virtual transfer of
water among regions and plays an important role in the food and water security of some regions. This
review explores multiple components of the food-energy-water nexus and highlights possible approaches
that could be used to meet food and energy security with the limited renewable water resources of the
planet. Despite clear tensions inherent in meeting the growing and changing demand for food and energy
in the 21st century, the inherent linkages among food, water, and energy systems can offer an opportunity
for synergistic strategies aimed at resilient food, water, and energy security, such as the circular economy.
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“Earth provides enough to satisfy every man’s need but not every man’s greed.”
Mahatma Gandhi (1869–1948)

1. Introduction
Humanity is in a historical moment in which the capacity to live without irreversibly compromising the environmental and biophysical conditions on which it depends is dramatically questioned (Rockström et al., 2009).
Anthropogenic pressure on the Earth system has reached a point where abrupt environmental change is
feared with global sustainability becoming a mere utopia. Despite the adoption of governance initiatives,
such as the 2030 Agenda for Sustainable Development and the related 17 Sustainable Development Goals
(SDGs; UN, 2016; Biermann et al., 2017), there are signiﬁcant challenges and intrinsic trade-offs that arise from
the interaction of social and environmental systems (Dell’Angelo, D’Odorico, & Rulli, 2017; Pradhan et al.,
2017). In particular, the interdependencies among the food, energy, and water systems are central to the global sustainability question (e.g., Nerini et al., 2017).
During the second half of the twentieth century, unprecedented growth in global crop production fueled in
part by the recent availability of nitrogen fertilizers (Erisman et al., 2008) occurred side by side with
unprecedented population growth. Because of their reliance on trade, some countries have sustained high
rates of demographic growth despite their low agricultural yields (van Ittersum et al., 2016); however,
globally, both crop production and population have dramatically increased in the last century. The degree
to which humanity is susceptible to a severe global food crisis in the 21st century is a matter of much debate
and growing uncertainty. Global population is projected to continue to rise this century, with median estimates from the UN of 9.6 billion people by 2050 and 10.9 billion by 2100 (Gerland et al., 2014; Lee, 2011).
At the same time, the consumption of animal products and other resource-intensive foods is likely to grow
(Tilman & Clark, 2014). Water is a vital part of this story, as an important limiting factor controlling food
production (e.g., Falkenmark & Rockström, 2006; Porkka et al., 2017). The ability to maintain adequate food
supplies with limited water resources has therefore become a pressing concern (Falkenmark & Rockström,
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2004). In fact, despite the development of new technology (e.g., new cultivars, irrigation techniques, and
water reuse methods), the human pressure on global water resources has been increasing at alarming
rates in response to population growth and changes in diet, raising new concerns about the planet’s
ability to feed humanity within the limited renewable freshwater resources (Carr et al., 2013; Falkenmark &
Rockström, 2006; Gleick, 1993; Hoekstra & Chapagain, 2008; Rockström et al., 2012; Varis et al., 2017).
An often overlooked aspect of the water crisis is the emergent competition for water resources between the
food and energy industries, which is expected to dominate the water security debate in the next few decades
(Rosa et al., 2017, 2018; Scanlon et al., 2017). Until recently, most of the energy needs of industrial societies
have been met with the use of conventional fossil fuels that require relatively low water costs for their extraction. In addition to renewable energy, such as hydropower, the near future will see an increasing reliance on
unconventional fossil fuel deposits, such as oil sands, shale oil, and shale gas, which require greater amounts
of water (Rosa et al., 2017, 2018). These deposits account for most of the proven fossil fuels on Earth, and their
extraction might be limited by water availability, especially in arid and semiarid regions where stronger
competition is expected to emerge between water uses for food and energy (Rosa et al., 2018). The growth
in demand for renewable energy is also likely to substantially increase dam development, which can have
numerous social and environmental consequences in river basins; for example, Zarﬂ et al. (2015) recently
estimated that about 3,700 large hydropower dams were planned or under construction globally. At the
same time, recent bioenergy policies (European Union (EU) Parliament, 2009; U.S. Congress, 2007) have mandated a certain degree of reliance on renewable energy, stimulating the development of the biofuel industry
with a direct competition between food and energy uses of crops and embodied water (Farrell et al., 2006;
Hermele, 2014; Ravi et al., 2014; Rulli et al., 2016).
Competition in water use for food and energy security constitutes the core of an emerging debate on the foodenergy-water (FEW) nexus: the growing societal needs for food and energy rely on the same pool of limited
freshwater resources, a situation that is generating new questions on the environmental, ethical, economics,
and policy implications of human appropriation of water resources. The FEW nexus is an emerging research
focus for natural and social scientists who are exploring the impact of water limitations on the production of
energy and food (Jones et al., 2017; Rulli et al., 2016; Scanlon et al., 2017), and the extent to which the human
pressure on the global freshwater system is expected to increase in response to the growing demand for food
and energy (Chiarelli et al., 2018; Grafton et al., 2017). Although advancements have been made in terms of
understanding linkages among FEW systems (e.g., Biggs et al., 2015; Jones et al., 2017; Liu et al., 2017;
Ringler et al., 2013; Smajgl et al., 2016) and working toward integrated modeling (Bazilian et al., 2011; McCarl
et al., 2017), the highly interdisciplinary nature of FEW research has resulted in somewhat disparate clusters
of FEW studies. This article seeks to review and synthesize a broad set of issues related to each FEW system
individually (see sections 2–4), then outline a range of intersections among each system—“nexus” points—
relevant to scholars in environmental sciences, engineering, economics, political ecology, and other social
sciences and analyze their pairwise interactions (i.e., food-water, water-energy, and food-energy; Figure 1).
We extend the FEW nexus concepts to consider linkages between biophysical and social impacts (e.g., human
rights), governance, globalization, and resilience and look toward the future to ask what issues are on the horizon for each FEW system and their intersection in terms of food, energy, and water security. We also discuss
the challenges emerging from the analysis of FEW dynamics and the associated “trilemma” of using natural
resources, such as water for food, energy, or environmental needs. This review provides a global perspective
on FEW trade-offs through an analysis of globalization of patterns, international investments, and global resilience. The article ends with a review of possible new approaches to a more sustainable management of the
FEW system through new advanced technologies, low technological methods, and reduced consumption.

2. The Food System
Food systems encompass the different production, distribution, and consumption activities that link people to
the food they eat, as well as the system outcomes for society and the environment (e.g., Ingram, 2011;
Schipanski et al., 2016). Food system activities include the use of natural resources and labor in the production,
processing, and transport of food, as well as individual food consumption decisions (e.g., diets and waste). Food
systems are therefore shaped by policies related to agriculture, trade, and food, as well as other institutional
arrangements, alongside the cultural, educational, and economic dimensions of food consumers (Ingram, 2011).
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Figure 1. The food-energy-water nexus highlights the inherent linkages between individual food, energy, and water systems, including the competition in demand for water between food and energy production (adapted from UN Water,
2013). The right panel shows a conceptual depiction of resilience in the food-energy-water nexus, which is discussed in
section 10.1.

2.1. Trends in Food Production and Demand
Global crop supply has more than tripled, and animal production has increased 2.5-fold over the past 50 years
(Food and Agriculture Organization (FAO), 2013) and by 50% since the mid-1980s (Figure 2; D’Odorico et al.,
2014). Currently, only ﬁve countries―Brazil, China, India, Indonesia, and the United States―produce more than
one half (52%) of the world’s crops. In addition, just four crops―wheat, rice, maize, and soybeans―constitute
more than one half (57% by calorie or 61% by protein content) of current food production. Food systems have
become increasingly globalized; 23% of food calories currently are traded internationally, and about 85% of
countries rely on food imports to meet domestic demand (D’Odorico et al., 2014).
Recent global increases in food demand have been largely driven by demographic growth and improvements in income (Alexandratos & Bruinsma, 2012; FAO, 2011; Tilman et al., 2011). Since World War II, population has more than tripled (Box 1) from 2.4 billion (1945) to 7.3 billion people (2015); South and East Asia
experienced the most substantial increases (UN Department of Economic and Social Affairs, 2015). Rising
incomes have allowed households to afford richer diets with higher calorie and protein intake per capita
(Di Paola et al., 2017; Tilman et al., 2011) but often with stronger burdens on natural resources and the environment (Box 2). A typical trend observed in countries undergoing economic development is that, as the average income increases, there is a growth in the consumption of nonstarchy food such as vegetables, dairy,

Figure 2. Global production (in kilocalories) of food for direct human consumption (thin line) compared to total agricultural
production (food + livestock feed + other agricultural products; thick line; from D’Odorico et al., 2014).
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Figure 3. Meat consumption as a function of income levels. Income is expressed in terms of gross domestic product (GDP)
per capita at chained purchasing power parity (PPP), which is a metric typically used to compare relative income and living
standards across countries and over time (Feenstra et al., 2015). Meat consumption data are from FAOSTAT (2017).

meat, and consumable oil (Figure 3), a pattern that is also known as “Bennett’s law” (Bennett, 1941). Indeed,
per capita consumption of animal food has been increasing in the last few decades (Tilman et al., 2011). Dairy
and meat production are expected to increase by 65% and 76%, respectively, by 2050 (Bailey et al., 2014).
Such an increase in the consumption of animal products can impede humanity’s ability to meet greenhouse
gas (GHG) emission targets (e.g., Wellesley et al., 2015). The general improvement in household economic status has meant that 123 million people in developing countries were able to escape undernourishment
between 1990 and 2015 alone (Alexandratos & Bruinsma, 2012). Yet substantial nutrition deﬁciencies
(Box 3) persist with roughly one in seven people receiving inadequate protein and calories and still more lacking access to important micronutrients (FAO, 2009b; Godfray et al., 2010).

Box 1. Population Growth and Food Availability: The Four Food
Revolutions and Food Security
The food security debate often starts from the analysis of whether and for how long humanity will be able
to produce enough food to feed every human being with the limited resources existing on the planet (e.g.,
Cohen, 1995). This question dates back to Malthus (1798) who argued that human population grows faster
than humanity’s ability to increase food availability. Thus, food production would not be able to keep up
with demographic growth, and the population size will eventually exceed the ability of the planet to feed
everyone. Moreover, population growth can lead to unsustainable use of natural resources (Ehrlich &
Holdren, 1971). However, to date, there is no conclusive evidence that, globally, population growth is constrained by resource availability. Therefore, demographers typically do not account for the effect of
resource limitation, but they do model population growth as the result of an unbalance between fertility
and mortality rates, which are related to social factors such as health care and women’s education,
employment, and empowerment (Lee, 2011). In recent decades, it has been argued that Malthus’s prophecy missed something because it did not account for humanity’s ability to develop new technologies
that could allow for an increase in food production. The last few centuries have seen major
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technological revolutions that have increased humanity’s ability to produce crops. The industrial revolution
with modern machineries for farming, processing, storage, and transportation, and the green revolution
with industrial fertilizers, irrigation systems, and new cultivars, occurred after the publication of
Malthus’s theory. On the other hand, it is widely recognized that the acceleration in demographic growth
that occurred after World War II (Table B1) would have not been possible without the invention of industrial nitrogen ﬁxation (the Haber-Bosch process) and its application to fertilizer synthesis (Erisman et al.,
2008), which greatly contributed to the tenfold increase in crop production during the twentieth century
(e.g., Warren, 2015). Although this interpretation would suggest that resource availability does constrain
population growth (consistent with Malthus’s theory), in the 1980s (i.e., on the wake of the green revolution), Boserup (1981) suggested the opposite: that population growth drives technological innovations,
including the development of new advancements that are crucial to the intensiﬁcation of agricultural production. Boserup’s theory, which was probably motivated by the effects of the green revolution with the
unprecedented increase in crop yields that occurred in those decades, did not account for the ﬁnite
resources of the planet: If population growth favors the emergence of technological innovations that
enhance food production, a positive feedback could lead to inﬁnite growth. This paradox was previously
highlighted by von Foerster and Pask (1960) in a thought-provoking paper in which population growth
was modeled as a logistic equation with carrying capacity expressed as a (nonlinear) increasing function
of the population size. Foerster’s model showed that these assumptions can lead to the “explosion” of the
“population bomb” by 2026, an apocalyptic result that conceptually demonstrates the weakness of some
of the early non-Malthusian claims (Kaack & Katul, 2013; Parolari et al, 2015).
Malthus’s theory has also been challenged by other scholars from different viewpoints. As noted earlier,
demographic models (including UN’s population projections) do not account for resource limitation
(Lee, 2011), an aspect that is troublesome because it ignores the fact that it is agriculture (and not health
care or education) that feeds the world (e.g., Warren, 2015). On the other hand, in his seminal work on poverty and famines, Sen (1982) noted that major famines are not attributable to food scarcity but to lack of
access to food, including economic access. This research partly contributed to modern deﬁnitions of food
security adopted by the UN (FAO, 2013), which are based not only on availability (i.e., food production and
supply) but also on economic and physical access to food and its utilization (i.e., nutritional value of healthy
food). The stability of these components over time is critical to maintain food security because food needs
to be available at all times despite shocks in production and prices (FAO, 2013).
The reduced emphasis on availability was also consistent with decades of sustained increase in crop yields,
driven initially by increased nutrient inputs and irrigation (Tilman et al., 2002) and by massive private
research and development (Fuglie et al., 2012). However, starting in the 1990s, there have been reductions
in crop yield growth for some key crops (Fuglie et al., 2012) and, in many regions, crop yields are reaching a
plateau (Ray et al., 2012). At the same time, most of the world’s prime arable lands are already in use, so
opportunity for expansion is limited (Foley et al., 2011), and food production comes at major environmental costs (Godfray et al., 2010). Given that the demand for food commodities is increasing as a result of
population growth and changes in diets (see section 2.1), new concerns about the role of crop utilization
in ensuring global food availability are emerging (e.g., Cassidy et al., 2013; Davis et al., 2016; see section
11.3). A number of recent studies have quantiﬁed the global carrying capacity for human population to
stress the ﬁnite magnitude of the agricultural resources available locally and globally (e.g., Davis et al.,
2016; Fader et al., 2013; Porkka et al., 2017), including water resources (Falkenmark & Rockström, 2006;
Suweis et al., 2013). After the industrial and green revolutions, another major dimension of food availability has emerged from the globalization of food through trade and the growing role of imports (see section
9; D’Odorico et al., 2014; MacDonald et al., 2015; Porkka et al., 2013). Global trade allows food-scarce
regions to rely on excess in production existing elsewhere around the world. This “trade revolution” has
reduced local food deﬁcits by increasing global interdependencies in the food system without really
increasing the carrying capacity of the planet. As agricultural yields are stagnating in many regions and
the safety margins associated with local redundancies in production are eroded, humanity has started
to face (again, after decades of abundance) major food crises with global-scale repercussions (e.g., in
2008 and 2011). For example, there was an 83% increase in food prices from 2005 to 2008, which was estimated to have pushed about 40 million people into hunger (Mittal, 2009). Such trends raise serious concerns for global food security. Of course, it is still possible to improve crop production by bringing modern
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technology to areas of the developing world where the yield gaps are still big because of a lack of adequate investment. This “fourth food revolution” (D’Odorico & Rulli, 2013) that has been taking place in
recent years (since 2005), however, may have negative impacts on rural communities (sections 9.3 and
11.1) and will only delay the emergence of an unavoidable food crisis (section 9.2). Solutions to such a crisis that aim at curbing the demand instead of increasing production (e.g., by reducing waste, using
resources more efﬁciently, adopting less demanding diets, or containing population growth) appear to
be a more forward-looking and responsible approach to sustainable food security (section 11.3).

Table B1
Toward Peak Population
Population year
1 billion
2 billion
3 billion
4 billion
5 billion
6 billion
7 billion
8 billion

Year

Time to 1 billion+

Key global trends or events

1804
1927
1960
1974
1987
1999
2011
2025 (projection)

—
(123 years later)
(33 years later)
(14 years later)
(13 years later)
(12 years later)
(13 years later)
(14 years later)

Industrial revolution
Green revolution follows WW2
Green revolution in developing world
—
Global trade intensiﬁcation
China enters World Trade Organization (2001)
Global food crises (2007–2008 and 2011)
—

Note. How quickly did we become 7 billion? Following the industrial revolution, human population doubled in about
120 years from the beginning of the nineteenth century to the 1920s. The green revolution coincided with a doubling
of the global population every 50 years and with a 1 billion increase every 12–14 years since 1960 (data from UN, 1999,
and UN Population Division).

Box 2. Environmental Impacts of Diets
Sustainable diets not only have low environmental impacts but also contribute to food and nutrition
security for a healthy life for present and future generations (FAO, 2010). Within the context of the FEW
nexus, sustainable diet research must account for the water and energy production of the food items as
well as the nutritional value of the foods (e.g., Pimentel & Pimentel, 2007). This means that although a food
item may require little water or energy input for production, if it has low nutritional content, it may not
contribute to a sustainable diet. Put another way, although the water or energy footprint may be low
on a per kilogram of product basis, the footprint may be high in terms of calories, grams of protein, or
micronutrients for nutritionally poor foods (i.e., a low nutritional density; Gustafson et al., 2016). One
approach to study both the environmental and nutritional dimensions of sustainable diets is to examine
the environmental footprints of diet scenarios derived from variations of observed diets (Figure B2). For
example, Davis et al. (2016) project the changes in water and carbon footprints associated with business-as-usual, Mediterranean, pescetarian (i.e., relying on seafood for protein intake), and vegetarian diet
scenarios. The per capita water footprints improved under the vegetarian and pescetarian scenarios, and
the per capita carbon footprint improved in those two diet scenarios, as well as the Mediterranean diet
scenario (Davis et al., 2016). A systematic review of the impact of diet scenarios on GHG emissions found
the largest GHG reductions in vegan and vegetarian diets, although the authors point out that this result is
sensitive to the foods that substitute for meat or animal products in the diet (Hallström et al., 2015).
Another approach taken is to use recommended minimum levels of nutrient intake as constraints in an
optimization context to identify diets that minimize environmental footprints. For example, Gephart,
Davis, et al. (2016) identify diets minimizing water and carbon footprints while meeting 19 micronutrient
and macronutrient requirements. The authors found that optimal diet for a small carbon footprint consists
of about two-thirds vegetables, one-third nuts, and small amounts of seafood and milk, whereas the optimal diet for the water footprint consists of about four-ﬁfths vegetables, one-ﬁfth starchy roots, and small
amounts of seafood (Gephart, Davis, et al., 2016). While optimization can produce unrealistically homogenous diets, it can provide insight into which foods are more efﬁcient when environmental impacts and
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nutritional quality are simultaneously considered. Identifying sustainable diets is difﬁcult owing to the vast
number of food products that vary in terms of their environmental footprints and nutritional content,
based on the details of the production methods, where the food is produced, and how the food is prepared. In addition to the difﬁculty of choosing metrics, it is difﬁcult to generalize which production or dietary options are most relevant to a diversity of sociocultural and economic contexts (Jones et al., 2016). As a
result, there is much room for future research on identifying sustainable diets. Despite this variability, previous studies generally found that sustainable diets consist of less meat, particularly less beef and more
vegetables, and tend to be similar to vegetarian, pescetarian, or Mediterranean diets (Hallström et al.,
2015; Perignon et al., 2016, 2017). These ﬁndings indicate that there are options to improve environmental
and nutritional sustainability through diets (Tilman & Clark, 2014).

Figure B2. The water and carbon footprints of food products (based on Gephart, Davis, et al., 2016).

Box 3. Malnourishment and Diet Transitions
Food security requires the availability of, and access to, a sufﬁcient amount of food (in terms of energy
content, typically expressed in calories) with adequate nutritional properties (see Box 1 and FAO
(2011)). Malnourishment, refers to conditions in which caloric and nutrient intake does not meet or
exceeds per capita requirements. Undernourishment is a condition in which the caloric intake is not sufﬁcient to conduct a healthy and productive life. In contrast, overnourishment is the case of excessive
nutrient intake to the point of causing obesity, diabetes, hypertension, or other chronic diseases.
Undernutrition can be caused either by not eating enough food (i.e., undernourishment, in terms of
energy, protein, or other nutrient intake) or rapid nutrient loss and poor absorption owing to illness
(e.g., as a result of repeated diarrheal infections, a problem typically resulting from low water quality
and poor sanitation) FAO (2011; WFP, 2012). It has been estimated that undernourishment (i.e., calorie
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deﬁciency) affects about 800 million people in the world, whereas micronutrient malnutrition affects 2 billion people (so-called hidden hunger) (IFPRI, 2016). About 60% of the global population suffers from iron
deﬁciency (Misselhorn et al., 2012). Undernutrition may affect children by causing low weight at birth,
stunting, wasting, and micronutrient deﬁciencies. Wasting refers to the condition of losing weight or
not being able to gain weight. It is a typical symptom of acute malnutrition and is typically assessed
through direct measurements of the weight-to-height ratio. Recent cases of wasting could be reversed
through adequate food intake. A major risk factor for child mortality, wasting affects about 8% of children
under 5 years old worldwide, which corresponds to 52 million people (based on 2011 data, FAO, 2011).
Stunting refers to insufﬁcient growth in height with respect to age. It affects about 165 million children
worldwide, mostly (90%) in Africa and Asia (based on 2011 data, FAO, 2011). A typical symptom of chronic
malnutrition, stunting is often associated with cognitive impairment, as well as high mortality and morbidity rates. These deﬁcits in mental and physical development can only be prevented, not cured. Stunting
typically results from insufﬁcient nourishment and inadequate protein intake in the ﬁrst 1,000 days: from
pregnancy to the second birthday of the child. It can also result from undernutrition in childbearing
women, infections, and illness. Unlike wasting, stunting initially can be difﬁcult to recognize. Therefore,
a positive feedback of undernutrition seems to exist, whereby poorer mothers have less access to food,
which exposes their children to the risk of stunting and cognitive deﬁcits, thereby limiting educational
achievements and access to better jobs (WFP, 2012)While undernutrition remains a shameful societal
and institutional failure, overnutrition and the consumption of nutritionally inadequate diets is also
becoming a major concern for public health and the environment. The rapid rural-to-urban transition that
is occurring around the world affects where and how people have access to food and what they eat. The
typical outcome of urbanization is a nutrient shift, whereby potentially unhealthy food products such as
fats, sugar, meat, and processed foods become more readily available and economically more accessible― largely as a result of the intensiﬁcation and industrialization of agriculture―while fresh vegetables
and fruit become relatively more costly and less accessible (e.g., in food deserts). Known as the nutrition
transition, this major shift in the global diet, which is reﬂected in Bennett’s law (see Section 2.1), is having
major impacts on human health, with an increase in the incidence of obesity and cardiovascular diseases
(Popkin and Gordon-Larsen, 2004), and anthropogenic pressure on the environment (Section 2.2).

Despite massive increases in crop production over the past 50 years, a growing share of this output is not
being used for direct human consumption. The growth in demand for animal products (Box 2), combined
with a shift toward a more crop-dependent livestock sector, has substantially increased competition for
crop use between direct human consumption and feed to support livestock (Thornton, 2010). Indeed,
the excess in crop production afforded by the technological advances of the green revolution has allowed
for the use of crops as feed, thereby dramatically increasing the rates of livestock production, a phenomenon known as the “livestock revolution” (Delgado et al., 1999). This new system of livestock production
has increasingly relied on concentrated animal feed operations as an alternative to rangeland production
(Figure 4). Owing in large part to the usage of energy-rich oil cakes (i.e., what is left of oil seeds after
pressing) as feed, 51% of the world’s crop calories are currently devoted to animal production (Davis &
D’Odorico, 2015; FAOSTAT, 2017). This trend has meant that countries with emerging economies and a
rising middle class (e.g., China) have had to depend more heavily on feed imports, mainly from the
United States, Brazil, and Argentina, in order to support domestic animal production (Davis, Yu, Herrero,
et al., 2015). Likewise, the global demand for seafood has increased and has been met by increased ﬁsh
and seafood production in aquaculture operations, while increasing the pressure on wild ﬁsheries (see
Box 4).
In addition to demographic and dietary drivers, there has been a rapid increase in demand for crop-based
biofuels since the start of the 21st century (Organisation for Economic Co-operation and Development/
FAO, 2016), driven in part by clean energy mandates in the United States (U.S. Congress, 2007) and the EU
Parliament (2009). This has led to the growing diversion of crop supply, mainly maize in the United States,
sugarcane in Brazil, rapeseed in Europe, and oil palm in Indonesia and Malaysia, toward the production of
bioethanol and biodiesel (e.g., Rulli et al., 2016). Although in 2000 only about 3% (or less) of crop supply
was used for biofuel production, diversion of human-edible calories to crop-based biofuels increased
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dramatically during 2000–2010 (Cassidy et al., 2013; West et al., 2014).
Rulli et al. (2016) estimate that the crops diverted to biofuel use could
feed nearly 300 million people if they were used as food. In addition,
the rise in biofuel demand has had an important inﬂuence on food
commodity markets; several studies provide evidence that biofuels
have contributed substantially to higher food prices, as well as
increased market volatility (e.g., Hochman et al., 2012, 2014; IFPRI,
2016; Von Braun et al., 2008). Thus, it is clear that these ﬁrst-generation
biofuels have served to further increase competition for crop use and
the resources to support food production.
Another key component in the fate of global crop production is that of
food waste. Roughly one-quarter of food production is lost or wasted at
various steps along the food supply chain, from losses during production to uneaten food on a person’s plate, with distinct regional patterns
(Gustavsson et al., 2011). In Asia and sub-Saharan Africa, the vast majorFigure 4. Recent trends in feed-fed and non-feed-fed livestock production
ity of food losses occur during the early stages of the supply chain as a
(taken from Davis & D’Odorico, 2015).
result of large production losses from dry spells, ﬂooding, and tropical
disease, as well as inadequate storage. In contrast, for Europe and
North America, approximately one third of food waste occurs at either the retailer level or the consumer level
(Gustavsson et al., 2011).
2.2. Environmental Pressures of Food Production
The wide diffusion of fertilizers and high-yielding crop varieties has led to much of the tripling in food supply,
which to some degree has likely avoided even greater expansion of croplands. However, this intensiﬁcation
of agriculture to prevent the widespread conversion of natural systems has come with important trade-offs
(Foley et al., 2005), promoting cultivation practices with extensive environmental consequences that were
often inadvertently supported by policies and subsidies (Pingali, 2012). For instance, overapplication of fertilizers, pesticides, and herbicides is a major contributor to nonpoint source pollution, eutrophication of water
bodies, loss of soil biodiversity, GHG emissions, and acid rain (e.g., Galloway et al., 2004; Matson et al., 1997;
Tilman et al., 2002).
As a result, the global food system has become one of the most extensive ways by which humanity has modiﬁed the environment (Ramankutty et al., 2008). Croplands and rangelands now cover approximately 38% of

Figure 5. Global land area and its uses. Land area estimates are from Sachs (2015); the livestock contribution estimates are
from Foley et al. (2011); the urban extent is a range from Potere and Schneider (2007) with <1% of land area in built-up
urban areas.
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Figure 6. (left) Land, carbon, nitrogen, and water footprints of animal products relative to the case of beef (based on data in
Davis et al., 2016). (right) Breakdown of livestock emissions by source (based on Wellesley et al., 2015). GHG = greenhouse
gases.

the planet’s ice-free surface (Foley et al., 2011; Figure 5). More than one half of the accessible runoff is withdrawn for human use (Richter, 2014), and nearly all of the anthropogenic consumptive water use (i.e., water
loss to the atmosphere) is for agriculture (Hoekstra & Mekonnen, 2012). The mechanization of agricultural
production has allowed for intensiﬁed soil tillage, thereby increasing the rates of soil loss, which by far exceed
those of soil formation (Montgomery, 2007). Fertilizer production has more than doubled the amount of reactive nitrogen (N) in the environment (Schlesinger, 2009), and GHG emissions from food production (e.g., ruminant digestion and fertilizer denitriﬁcation) and land use change (e.g., deforestation) contribute 19–30% of
humanity’s GHG emissions (Tubiello et al., 2013; Vermeulen et al., 2012). GHG emissions from agricultural
activities increased annually by 1.1% from year 2000 to 2010 (Tubiello et al., 2013).
The livestock sector contributes disproportionately to the environmental burden of food production (Eshel
et al., 2014; Herrero et al., 2013; Kastner et al., 2012; West et al., 2014). Although animal production makes
up 25% of the world’s food supply by weight, 18% of dietary calories, and 39% of protein (FAOSTAT, 2013),
it accounts for approximately 75% of agricultural land area (Foley et al., 2011), 29–43% of the total agricultural
water footprint (Davis et al., 2016; Mekonnen & Hoekstra, 2012), 46–74% of agricultural GHG emissions (Davis
et al., 2016; FAOSTAT, 2013; Herrero et al., 2013), and 34–58% of total nitrogen use (Davis, Yu, Herrero, et al.,
2015; Davis et al., 2016). The overall greater footprint of livestock production is in large part attributable to the
inefﬁciencies by which plant biomass can be incorporated into animal tissue, particularly for cattle (Figure 6;
e.g., Mekonnen & Hoekstra, 2012; West et al., 2014). Owing in large part to the efﬁcient feed conversion ratios
of monogastric (i.e., nonruminant) digestion, as well as the inherent variability in rangeland biomass production (FAO, 2010; Steinfeld et al., 2006), the world’s livestock systems have been transitioning (Figure 7) from
an extensive, beef-dominated system toward a focus on concentrated, feed-reliant pig and chicken production (Davis & D’Odorico, 2015). This trend has led to important environmental trade-offs that have occurred

Figure 7. Recent trends in beef, pig, poultry, eggs, and milk production (based on data in Davis & D’Odorico, 2015). The
increase in pig and poultry production by far exceeds that of beef leading to an increasing reliance on these less
resource-intensive resources (“livestock transition”).
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within the livestock sector, where improvements in land use efﬁciency and GHG emissions per unit of animal
production have been offset by the increasing water and nitrogen requirements of feed production (Davis,
Yu, Herrero, et al., 2015).
Animal agriculture is a major source of GHG emissions, land use, and water consumption. Interestingly, pets
such as dogs and cats are also major contributors to the demand for animal products. A recent study for the
United States has shown that dogs and cats account for roughly 25–30% of the land, water, and phosphate
footprint of animal production (Okin, 2017). A decrease in the reliance on animal-derived products can
reduce environmental impacts and increase food security. A recent study, which modeled the U.S. agricultural system without farmed animals, found that, without animal food production, the total food production
of the United States would increase by 23% and total agricultural GHG emissions would decrease by 28%
(White & Hall, 2017). However, in this system modeled without farmed animals, population diet of the
United States resulted in the absence of essential nutrients (e.g., vitamin B12 and fatty acids) that are present
only in animal products (White & Hall, 2017).
2.3. Environmental and Climate Constraints on Food Production
Global food production is facing mounting constraints to its continued growth. These limitations fall into two
broad categories related to changing climate and bounds imposed by plant physiology and production decisions. Regarding the ﬁrst, there is evidence of reductions in food production resulting from climate change in
recent decades, though overall production gains have been able to overcome these reductions so far
(Vermeulen et al., 2012). Early work on this topic showed that between 1981 and 2002 the combined production of three major crops—barley, maize, and wheat—was reduced by 40 Mt/year, compared to a case with
no climate effect (Lobell & Field, 2007). From 1980 to 2008, global wheat and maize production fell 4% and
6%, respectively, below what would be expected without climate trends; these effects varied widely across
crops and countries (Backlund et al., 2008; Lobell et al., 2011). It has been estimated that, without accounting
for the effect of CO2 fertilization, each degree Celsius of mean global temperature increase is expected to
induce a 6.0% drop in the global yield of wheat, 3.2% of rice, 7.4% of maize, and 3.1% of soybean (Zhao
et al., 2017). Other work has shown that as much of one third of global crop yield variability can be explained
by interannual ﬂuctuations in temperature or precipitation, with climate variability explaining as much as
60% of yield variability in certain breadbasket areas (e.g., maize in the U.S. Midwest and China’s Corn Belt;
wheat in western Europe and Australia; Ray et al., 2015). Moreover, extreme droughts and heat waves, which
are expected to intensify under climate change, can strongly reduce crop production (Lesk et al., 2016).
Recent modeling efforts created an ensemble of models that consider a different conﬁguration of carbon
dioxide (CO2) under most recent climate projections (McSweeney & Jones, 2016; Mistry et al., 2017).
Regarding livestock, there has been substantial investigation of the effects of heat stress on animal production (e.g., Aggarwal & Upadhyay, 2013; St-Pierre et al., 2003), but to date, no studies have examined the relation between animal productivity and interannual climate variability. Even though historical effects of climate
trends on food systems have been modest and masked by overall gains in production from speciﬁc regions, it
is expected that climate change impacts on food production will become more pronounced in the coming
decades, depending on the GHG emissions trajectory considered (Wheeler & Von Braun, 2013).
The second set of constraints to production, which are related to crop physiology and production decisions,
play an important role as well. Many places around the world—23–37% of maize, rice, soybean, and wheat
areas—are experiencing a plateau or collapse of major crop yields from a combination of biophysical and
socioeconomic factors (Grassini et al., 2013; Ray & Foley, 2013). In areas that continue to realize overall yield
gains, there are emerging indications that these improvements are being disproportionately contributed by a
small fraction of highly productive cropland, whereas yields in other cultivated areas have increased more
slowly. Pointing to this, a recent study focused on maize in the U.S. Midwest showed that the greatest yield
improvements are being provided by a narrowing area of cropland (Lobell & Azzari, 2017). Along with these
features of yield trends, the efﬁcient use of fertilizers for cereal production has also plateaued, as the highest
returns on nutrient inputs occur when yields are low (Tilman et al., 2002).
The nutritional quality of global cereal production has declined steadily with time, as nutrient-rich cereals
have been supplanted by high-yielding rice, wheat, and maize varieties (DeFries et al., 2016; Medek et al.,
2017). This increase in high-yielding crop production has been in part driven by the increasing prevalence
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of large farms, which generally produce a less nutritionally diverse set of crops (Herrero, et al., 2017), and has
resulted in dwindling amounts of key nutrients, such as protein, iron, and zinc per tons of cereal crop (DeFries
et al., 2016). Enhancements of atmospheric CO2 concentrations are expected to exacerbate these declines by
adversely affecting crop nutrient content in plant tissue, especially in C3 crops (e.g., rice and wheat; Myers
et al., 2014). Though food supply remains largely nutritionally adequate at the global scale, the persisting
challenges of food access, widespread malnourishment, and nutrient deﬁciencies amplify these trends of
declining nutritional quality.
Though not explored in depth here, other important factors also serve to curtail food production. For
instance, desertiﬁcation and soil salinization have rendered large amounts of arable land and grazing areas
unusable (D’Odorico et al., 2013). Urbanization has removed a fraction of fertile cropland from active production (D’Amour et al., 2017). Excess surface ozone has further led to relative yield decreases of between 3% and
16% for maize, rice, soybeans, and wheat (Van Dingenen et al., 2009).

Box 4. The state of global ﬁsheries
Global production of ﬁsh and other aquatic animals (seafood) reached nearly 170 million tonnes in 2015
(FISHSTAT, 2016). Up until the early 1990s, the vast majority of seafood production was from wild capture
ﬁsheries (Figure B4). During the 1990s, capture ﬁshery production stagnated, leading to an active debate
about the status and future of global capture ﬁsheries (Worm et al., 2009). The analysis by the Food and
Agriculture Organization of the U.N. of assessed commercial ﬁsh stocks found the share of overﬁshed
stocks increased from 10% in 1974 to 31.4% in 2013 (FAO, 2016). Although management has been improving in many ﬁsheries and there are efforts to rebuild ﬁsheries (Worm et al., 2009), it is unlikely wild catch
will meet the increasing global demand for seafood. To date (2018), global seafood production has kept
pace with increasing populations as a result of the rapid growth in aquaculture production (Figure B4).
Today, aquaculture supplies approximately one-half of all seafood production. Aquaculture production
is unevenly distributed globally, with 89% of aquaculture produced for human consumption occurring
in Asia (FAO, 2016). During the recent period of rapid aquaculture growth, seafood trade has become
increasingly globalized, with a 58% increase in traded quantity and an 85% increase in real value from
1994 to 2012 (Gephart and Pace, 2015). Globally, seafood provides 17 % of animal protein and is an important source of essential fats, vitamins, and minerals (FAO, 2016). The contribution of seafood to nutrition
varies around the world, with the highest reliance in coastal and island developing nations. Globally,
per capita seafood supply has increased in recent decades and is expected to continue to rise with growing gross domestic product in developing nations (Figure B4; Food and Agriculture Organization, 2016;
Delgado, 2003; Tilman et al., 2011). The existing or potential role of aquaculture, and marine and
inland capture ﬁsheries, in food security, especially in nutritionally vulnerable small-scale
ﬁshing/farming communities, is increasingly being recognized and evaluated (Golden et al., 2016;
McIntyre et al., 2016). The ability of ﬁsheries and aquaculture to meet or improve nutrition depends on
improved management, appropriate market structures, and mitigation of the impacts of climate change
and environmental variability on seafood production (Gephart et al., 2017; Worm et al., 2009).

Figure B4. Recent trends in seafood production through aquaculture and capture (left axis) and per capita seafood supply
(black line, right axis) (Based on data from the FAO FISHSTAT Database, 2016).
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3. The Water System
Human societies rely on freshwater resources for a variety of activities,
including drinking, household usage, and industrial and agricultural
production (Figure 8). Agricultural uses, however, by far exceed any
other form of human appropriation of freshwater resources (e.g.,
Gleick, 1993; Hoekstra & Chapagain, 2008; Oki & Kanae, 2006;
Rosegrant et al., 2009). Water consumption for food production, including crops and livestock, accounts for about 86% of the total societal
water consumption, though, locally, household and industrial uses
can be predominant, particularly in major urban areas. Thus, securing
water resources for agriculture, while reconciling the competing water
needs of growing cities and surrounding rural areas, is a major
challenge of our time. Climate change is expected to further enhance
local water scarcity, especially in the subtropics (Arnell, 2004). In fact,
while climate warming is slightly increasing global precipitation (about
2–3%, see, e.g., Katul et al. (2012)), the global patterns of rainfall distribution are expected to become more uneven with an intensiﬁcation of
aridity in the dry subtropics, and an increase in precipitation in the wet
tropics and the midlatitude temperate zone (Held & Soden, 2006). The
temporal variability of precipitation will likely increase, thereby enhancing the probability of drought and ﬂood occurrences (Easterling et al.,
2000; Intergovernmental Panel on Climate Change, 2013).
Figure 8. The water footprint of human activities. Based on data from Hoekstra
and Chapagain (2008) and Falkenmark and Rockström (2004).

3.1. Freshwater Use
Despite recent developments in desalinization technology (e.g.,
International Energy Agency (IEA), 2016), most human activities related
to food and energy production rely on the consumptive use of freshwater. Desalinization remains limited to speciﬁc uses that require relatively small amounts of water (e.g., drinking water) and to societies that
can sustain the associated costs (Karagiannis & Soldatos, 2008). The
freshwater available for human activities is stored in continental land
masses either in (unsaturated) soils or in surface-water bodies and
groundwater aquifers. Often referred to as “green water,” soil moisture
is retained in the ground by capillary forces and can be extracted only
when it is subjected to a suction that overcomes the action of capillarity. Plants exert such suction through root uptake. Although most of
terrestrial vegetation in natural ecosystems relies on green water
(except for phreatophytes, which have access to the groundwater), soil
moisture remains for most part unavailable to direct human use
because it is difﬁcult to extract. In contrast, water stored in surfacewater bodies and aquifers, referred to as “blue water,” is more mobile
and contributes to surface-water and groundwater runoff. Thus, green
water leaves land masses in the water vapor phase as evapotranspiration (or green water ﬂows), whereas blue water ﬂows to the ocean in
the liquid phase as runoff (blue water ﬂows; Figure 9).

Figure 9. A schematic representation of the global water cycle with separate
precipitation (P) and evaporation (E) or evapotranspiration (ET) amounts for
land masses and oceans. Water leaves land masses either as evapotranspiration
(ET or green water ﬂow) or surface-water (SR) and groundwater (GR) runoff (blue
water ﬂows; based on values reported in Chow et al., 1988).
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Since antiquity, human societies have engineered systems to withdraw
blue water from rivers, lakes, and aquifers and have transported it
through channels and pipes to meet the needs of a variety of human
activities. Today, the main consumptive use of blue water (i.e., liquid
water returned to the atmosphere as water vapor) is for irrigation
(92%; Richter, 2014), which strongly increases green water ﬂows at
the expense of blue water ﬂows. Irrigation is a major human
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Table 1
Global Water Flows and Demands, and Sources of Data
3

Annual ﬂow (m /year)

Process

Year

12

Precipitation over land
Evapotranspiration from land (Green water ﬂows)
Global runoff (Blue water ﬂows)
Planetary boundaries of Blue Water
Total water withdrawal
Water withdrawal for irrigation

120 × 10
12
72 × 10
12
48 × 10
12
4.0 × 10
12
3.8 × 10
12
2.56 × 10
12
2.41 × 10
12
0.90 × 10
12
1.28 × 10
12
0.54 × 10
12
0.73 × 10
12
0.14 × 10
12
0.28 × 10
12
6.67 × 10
12
7.6 × 10
12
5.77 × 10
12
0.90 × 10

Water consumption for irrigation
Groundwater consumption for irrigation
Groundwater withdrawals
Groundwater Depletion
Water consumption for food production
Green water consumption for food
Blue water consumption for food
Freshwater for agricultural production
All crops (food, feed, ﬁber, and biofuel crops)
Rangelands and pastures
Water for livestock (blue and green)
Blue water for feed crops
Blue water from direct livestock consumption
Green water for feed crops and grazing
Freshwater used for biofuel production
Green water for biofuel crops
Blue water for biofuel crop
Total artiﬁcial storage capacity (reservoirs from dams)
Evapotranspiration losses from artiﬁcial storages
Water cost of present energy demand (“ancient” water)
Virtual water trade (food only)
Water cost of fossil fuel extraction
Freshwater withdrawals for energy production
Primary energy source extraction
Power generation
Freshwater consumption for energy production
Primary energy source extraction
Power generation

12

7.40 × 10
12
0.91 × 10
12
2.26 × 10
12
0.10 × 10
12
0.05 × 10
12
2.11 × 10
12
0.18 × 10
12
0.17 × 10
11
0.11 × 10
12
7.2 × 10
12
0.275 × 10
13
7.35 × 10
12
2.81 × 10
10
1.80 × 10
12
0.40 × 10
12
0.05 × 10
12
0.35 × 10
12
0.05 × 10
12
0.034 × 10
12
0.016 × 10

2000
1980–2009
1996–2005
2000–2010
2000–2010
2000
2001–2008
2000
1996–2005
1996–2005
1996–2005
1996–2005

1996–2005

2013

1998
1996
2013
2010
2013
2016

2016

Source
Chow et al. (1988)
“
“
Rockström et al. (2009)
Oki & Kanae (2006)
Sacks et al. (2009)
Jägermeyr et al. (2017)
Hoekstra and Mekonnen (2012)
Siebert and Döll (2010)
Siebert and Döll (2010)
Wada et al. (2010)
Konikow (2011)
Wada et al. (2010)
Hoekstra and Mekonnen (2012)
Oki and Kanae (2006)
Mekonnen and Hoekstra (2010)
Mekonnen and Hoekstra (2010)
Mekonnen and Hoekstra (2011b)
“
“
Hoekstra and Mekonnen (2012)
“
“
“
Rulli et al. (2016)
“
“
Oki & Kanae (2006)
Postel et al. (1996)
D’Odorico, Natyzak et al. (2017)
Carr et al. (2013)
International Energy Agency (IEA, 2016)
IEA (2016)
“
“
IEA (2016)
“
“

Note. The “Year” column denotes the period considered in each study (see D’Odorico, Natyzak, et al., 2017; D’Odorico & Rulli, 2013).

disruption of the water cycle (e.g., Jägermeyr et al., 2017); indeed, many rivers are so strongly depleted that
they no longer reach the ocean (e.g., the Colorado and the Rio Grande in North America), while lakes in basins
with internal drainage (e.g., Lake Chad and the Aral Sea) are drying out (e.g., Richter, 2014). Irrigation can
modify the local climate, possibly by increasing evapotranspiration and
Table 2
effectively cooling the near-surface atmosphere (e.g., Mueller et al., 2015,
Global and Continental Groundwater Depletion
2017; Sacks et al., 2009). Irrigation may also moderately enhance
Groundwater depletion
Groundwater
precipitation downwind of irrigated areas (Puma & Cook, 2010) and induce
9 3
9 3
(10 m /year;
depletion (10 m /year;
mesoscale circulations (land breezes) driven by the contrast between irriWada et al., 2012)
Konikow, 2011)
Region
gated areas and the surrounding drylands (Segal et al., 1998; Segal &
World
204 ± 30
145 ± 39
Arritt, 1992).
Asia
Africa
North America
South America
Australia
Europe

150 ± 25
5.0 ± 1.5
40 ± 10
1.5 ± 0.5
0.5 ± 0.2
7±2

Note. From Taylor et al. (2013).
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111 ± 30
5.5 ± 1.5
26 ± 7
0.9 ± 0.5
0.4 ± 0.2
1.3 ± 0.7

It has been estimated that globally, irrigation uses a water volume that is
roughly 2.56 × 1012 m3/year (Table 1), which accounts for about 2% of
the precipitation (Sacks et al., 2009). Although water is a renewable
resource that is conserved in the Earth system, freshwater stocks can be
depleted when their use exceeds the rates of natural replenishment. A typical example is groundwater that is often used for agriculture (Table 1) and
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Figure 10. Current irrigated areas of the world. Irrigated areas are here deﬁned as areas that are more than 5% equipped for irrigation (using data from Siebert et al.,
2013) and where the ratio between blue water and the total crop water consumption is greater than 0.10 (i.e., Blue Water/(Blue Water + Green Water) > 0.10). For
smaller values of this ratio, the increment of production afforded by irrigation is likely too limited to justify investments in irrigation because the local climate is
sufﬁciently wet to sustain relatively high rates of rainfed production (Dell’Angelo et al., 2018). According to these criteria, irrigated areas account for irrigated lands
6
2
6
2
(2.5 × 10 km ), which is about 20% of global cultivated land (13.1 × 10 km ) (FAOSTAT, 2017).

is being depleted in many regions of the world (Table 2), including the North American Southwest, Northern
Africa, the Arabian Peninsula, and India (Konikow, 2011; Wada et al., 2012). In some cases, groundwater use is
depleting water stocks that accumulated in epochs with a wetter climate. In these aquifers “overpumping”
leads to a permanent extraction of water resources, a phenomenon that is known as “groundwater mining”
to better stress its unsustainability and the irreversible loss of resources that will not be available to future generations. However, even when the depletion of water resources is reversible, its environmental impacts may
not be. Excessive water withdrawals from rivers and streams destroy the aquatic habitat and lead to extinction
of riparian species. Interestingly, freshwater ecosystems are particularly vulnerable because the extinction rate
of freshwater aquatic species is much greater (about 5 times) than that of terrestrial organisms (Postel &
Richter, 2003). Thus, sustainable use of water resources should prevent not only their permanent depletion
but also the irreversible damage of downstream ecosystems. A rich body of literature has discussed criteria
to deﬁne minimum ﬂow requirements and minimum ﬂow variability required to conserve the aquatic habitat
(Pastor et al., 2014; Richter et al., 2012). A reevaluation of those efforts within the context of water sustainability
has led to the formulation of the concepts of “planetary boundaries” and “safe operating space” that deﬁne a
cap for sustainable water use (Rockström et al., 2009). Such a cap is typically expressed as a fraction of the natural (i.e., undisturbed) river ﬂow, ranging from 20% (Mekonnen & Hoekstra, 2016; Richter et al., 2012) to 60%
(Pastor et al., 2014), though recent studies have suggested referring to season-dependent fractions (25% in
low-ﬂow conditions and 55% in high-ﬂow condition; Pastor et al., 2014; Steffen et al., 2015). Although globally,
the current use of water for irrigation is smaller than the planetary boundary for blue water and accounts for
only 5.4% of the global blue water ﬂows (Table 1), in many regions of the world those boundaries are locally
exceeded, thereby causing habitat loss (Jägermeyr et al., 2017; Richter, 2014).
Overall, irrigation is critical to sustaining the present rates of agricultural production. Although only 20% of
the global agricultural land is irrigated (Figure 10), it sustains about 40% of the global crop production owing
to the typically much higher yields in irrigated systems (e.g., Molden et al., 2010; Siebert & Döll, 2010).
Collectively, irrigated and rainfed agriculture accounts for about 10% of global precipitation over land, with
green water ﬂows from agroecosystems contributing to roughly 16% of the global evapotranspiration from
terrestrial ecosystems (Table 1). These ﬁgures give us a sense of the proportion of the water cycle that has
been appropriated by agriculture. Moreover, other economic activities, such as mining, manufacturing, and
energy production further increase the human demand for freshwater.
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3.2. Hydrological Impacts of Land Use Change
Food production affects the water system also indirectly through land use change. Since the onset of civilization, agriculture has claimed land (and water resources) from natural ecosystems, such as forests, savannas,
and grasslands. By converting these landscapes into agricultural land, humankind has profoundly altered the
water and biogeochemical cycles (e.g., Bonan, 2008; Davidson et al., 2012; Runyan & D’Odorico, 2016).
Decades of research on deforestation have highlighted the profound hydroclimatic impacts of land use
and land cover change (Perugini et al., 2017). Compared to forests, rainfed farmland sustains lower evapotranspiration rates because of the smaller leaf area index, surface roughness, and root depth, and the greater
albedo (Bonan, 2008; Perugini et al., 2017). The inﬁltration rates are also smaller because agricultural soils are
often more compacted, typically from leaving the land fallow for part of the year and cultivated with heavy
machinery. Smaller evapotranspiration and inﬁltration rates are expected to lead to higher runoff (e.g.,
Runyan & D’Odorico, 2016). However, in areas where agriculture is irrigated, water withdrawals for crop production deplete surface-water bodies and aquifers (Jägermeyr et al., 2017).
Land use change also has an impact on the regional climate. Land use change alters the surface energy balance and land-atmosphere interaction; these changes modify near-surface temperature, boundary layer stability, and the triggering of convection and convective precipitation (Bonan, 2008; Perugini et al., 2017). Some
of these effects can alter the rainfall regime within the same region in which land cover change occurs,
though it has been suggested that the impact also can be on adjacent ecosystems (Ray et al., 2006).
Moreover, land cover change may modify the rate of emission of biological aerosols, thereby affecting cloud
microphysics and cloud processes (Pöschl et al., 2010). The reduced evapotranspiration has the effect of reducing precipitation recycling, which is the fraction of regional precipitation contributed by atmospheric moisture from regional evapotransporation (Eltahir & Bras, 1996), a phenomenon that is relevant to policies and
therefore is receiving the attention of social scientists (Keys et al., 2017), despite the great uncertainties with
which it can be evaluated (Dirmeyer & Brubaker, 2007; Salati et al., 1979; Van der Ent et al., 2010). Overall, forest or woodland conversion to cropland over large regions (e.g., >100 km) is expected to reduce precipitation
(particularly rainfall frequency) and increase diurnal temperatures (Bonan, 2008), though these effects
depend on the size of the cleared area (e.g., Lawrence & Vandekar, 2015). The direct and indirect impacts
of human activities on freshwater resources may strongly affect their availability to meet the competing
needs of food or energy production and the environment, raising questions on the type of institutional
arrangements that could improve water governance.
3.3. Water Governance and the Commodiﬁcation of Water
Water is by its own nature ﬂuid, renewable, and difﬁcult to quantify (Rodríguez-Labajos & Martínez-Alier,
2015), and its biophysical characteristics, such as the fact that it is a key input into biological processes and
that is relatively plentiful and widely distributed (compared to oil), make the political economy of this
resource very different from other similarly important strategic natural resources (Selby, 2005). From early
human history, water use has led to complex dynamics of competition and cooperation (Wolf, 1998). In a
world with increasing societal pressure over scarce water resources and aggravating hydroclimatic change,
water governance is fundamental in the policy and development dimensions of water management.
Even though access to safe water and sanitation is recognized as one of the UN-SDGs (Goal #6, UN,
2015, 2016), about 4 billion people face water scarcity at least 1 month per year (Mekonnen & Hoekstra,
2016). Water availability may be affected by water quality, particularly in the case of drinking water, as
the cost of treatment may become prohibitive in some locations, creating physical water scarcity of costly
water resources.
The reliance on water markets historically has been, and still is, strongly inﬂuenced by neoliberal governance
approaches based on privatization, liberalization, and extension of property rights. The core principle behind
these approaches is that water markets provide the correct economic incentives to promote the reallocation
of water to higher valued uses and improve efﬁciency. These approaches treat water as a commodity and
thus require the recognition of property rights that deﬁne the use, management, and trade of water
resources (Rosegrant & Binswanger, 1994). Easter et al. (1999) describe a strong legal system as the main institutional condition necessary for water markets to function properly. The creation of water markets in the
Western United States and in Chile (see Box 5) have been used as exemplary policy and governance models
that could be exported and promoted in developing countries (Bauer, 2012). Since the 1980s, the World Bank
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has been the main promoter of water markets in developing countries, while also supporting the development of lucrative transnational opportunities in the water sector for private investors (Goldman, 2007). In
the context of the FEW nexus debate, however, a water market economy may lead to water resources previously used to produce food being transferred to other (more proﬁtable) uses, such as industrial production
(e.g., fossil fuel extraction) or household needs in urban areas. In fact, the economic yield of food commodities (per cubic meter of water consumption) may typically be orders of magnitude lower than that of the
energy and water utility sectors (Debaere et al., 2014).
Food as a basic human need (and right, see section 5.5) means that market approaches to water governance
also can be evaluated in the context of their impacts on food security, particularly for the poor. For example,
water markets could be structured with special consideration for certain industries, including agriculture, to
avoid losing water allocations for production of food. A counterargument in favor of water markets stresses
their positive environmental outcomes such as when water is partly acquired to reestablish environmental
ﬂows and improve aquatic habitat, or if the market sets a cap on the amount of water that can be withdrawn
for human uses (Richter, 2016).
The contemporary neoliberal trends of water commodiﬁcation, that is, the multidimensional process through
which goods that traditionally are not priced enter the world of money and markets (Bakker, 2005; Polanyi,
1944), could be in stark contrast with the principle that access to water is a fundamental human right
(Gleick, 1998). Ostrom (1990) describes water resources as an iconic example of common-pool resources,
which often have been successfully governed through diverse community and communal-property institutional arrangements. The multiple characterizations of freshwater by different cultures and societies make
it difﬁcult for freshwater to be reduced to a monetized commodity. Water can be perceived as a sacred commodity, a human right (see section 5.5), a political good, an ecosystem medium, and a security asset (Gupta &
Pahl-Wostl, 2013). Moreover, the water sector has intrinsic characteristics that can be associated with structural market failures, with large externalities, and interconnectedness that make the level of individual and
collective interdependence particularly critical (Meinzen-Dick, 2007). From a social and environmental justice
perspective, the idea that water is not treated as a “common good” but as a commodity has generated criticism around the perpetuation of inequality and violation of fundamental human rights (Bakker, 2005;
Goldman, 2007; Swyngedouw et al., 2002).
Different narratives and political perceptions about the value, the meaning, and the function of water in
society make a clear and uniform deﬁnition of “good water governance” difﬁcult. As described by
Meinzen-Dick (2007), rather than considering single solutions for water governance, it may be more productive to have multiple institutions work together in an adaptive learning process. The complexity of sociohydrological dynamics, the variability of institutional settings, and the interdependencies of water with other
key dimensions, such as food and energy, could beneﬁt from innovative adaptive governance approaches
(Huitema et al., 2009; Konar, Evans, et al., 2016).

Box 5. What is ‘Water Governance’?
The term “water governance” encompasses a variety of meanings in the policy, politics, and development
ﬁelds (e.g., Tropp, 2007). The inﬂuence of political agendas on a critical resource such as water is strong.
Therefore, the normative element of the concept can vary hugely, depending on different political perspectives and societal scales. In other words, the vision of ideal “good water governance” directly depends
on the narratives and models that are afﬁrmed by a powerful coalition of actors that have an interest in
maintaining certain policy and political paradigms (Molle, 2008). Woodhouse and Muller (2017), in reviewing the current debates in the ﬁeld, point to different aspects of water accessibility, such as how water governance is intertwined with historical-political dynamics, how different priorities associated with the
politics of water depend on the political-economic and development status of different countries, and
how the scale of the phenomenon (local vs. transnational problems) matters. From a historical perspective,
water governance evolved through different phases of water-management paradigms. Different historical
phases can describe the vision of society for water development, or what has also been deﬁned as the
hydraulic mission. A pattern observed in the 20th century has been the societal tendency to move from
an emphasis on infrastructures and engineering to an emphasis on the economic dimension of water allocation (see Section 3.3). In a linear account of water development, the focus eventually moves towards
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management and governance dynamics (Allan, 2006; Molle, 2008; Molle et al., 2009). Different watergovernance paradigms have prevailed in different historical moments. A synthetic representation
describes a movement from old to new forms of water governance that produced a shift from top-down
management, hierarchical control, centralization, and emphasis on government and bureaucracy to a new
era where distributed forms of governance with inclusive, multistakeholders, bottom-up negotiation, and
participation processes of water management are implemented (Tropp, 2007. The search for panaceas for
water governance can be observed in three overlapping trends: the focus on the role of the State, the
focus on users’ management organization, and the focus on market institutions (Meinzen-Dick, 2007).
Nevertheless, the attractiveness of the simplicity of exporting or expanding models of governance from
places where they succeeded to other places where there is a need often produced negative outcomes
(Meinzen-Dick, 2007). For instance, the neoliberal approach is particularly inﬂuential in key economic
and development international organizations and has impacted some of the core prescriptions of good
water governance, invoking neoliberal principles such as privatization, market-based regulation, efﬁciency, and cost effectiveness (Bakker, 2010; Bauer, 2012; Swyngedouw, 2005). The archetype of the neoliberal water reform was implemented in Chile during the Pinochet military regime on the guidance of the
“Los Chicago Boys,” a group of Chilean economists aligned with the regime that were trained in the
Economics Department of the University of Chicago. This group of economists had the mission to promote
a United States centered political economy agenda once they were back in Chile; water reform was one of
the ﬁrst key strategic sectors where this transformation was implemented (Bauer, 2012; Harvey, 2007).
More recently, alternative approaches, based on theories of polycentricity that go beyond markets and
states and that integrate institutional systems on multiple scales, have been discussed and applied to
water governance (McCord et al., 2016; Neef, 2009; Ostrom, 2007, 2010a, 2010b; Pahl-Wostl et al., 2012).
Overall, complex systems, such as socio-environmental and socio-hydrological systems, could beneﬁt by
being co-managed in an adaptive fashion that includes collaboration, public participation, experimentation, and focus on the bioregional scale (Huitema et al., 2009).
3.4. Water Infrastructures: Water and Economic Development
The idea that the development of water infrastructure is important to economic development has often
been considered as a corollary to classical models of economic development postulating the need for
“growth” in the agricultural sector, followed by the development of industry and services (e.g., Distefano
& Kelly, 2017; Hanjra et al., 2009). The rationale for this growth model is that investments in water infrastructure are required to develop irrigation systems that would lead to higher crop yields (see section
11.1). It has been argued that in some developing countries, economic development has been impeded
by strong intra-annual and interannual variability in hydrologic conditions that expose crops to often
unpredictable water stress; therefore, investments in water infrastructures are urgently needed across
the developing world (Grey & Sadoff, 2007). Even though these claims have not been conclusively supported by data, they are often invoked to advocate for new investments in dams and other “gray” infrastructures, such as canals, pipelines, or other hydraulic structures (Muller et al., 2015). This model of
economic development, however, remains controversial because such infrastructures could cause irreversible environmental damage and often serve the needs of large-scale commercial agribusinesses rather
than subsistence farmers, whereas green approaches, based on water harvesting, small farm-scale ponds,
and new crop water management techniques with low evaporative losses of water are likely more effective and less costly (Palmer et al., 2015). Recent research on this topic has highlighted the beneﬁt of building small decentralized water harvestings and storage facilities as a sounder and economically more viable
alternative to large dams (Blanc et al., 2014; Blanc & Strobl, 2013; Dile et al., 2013). Indeed, farm-scale reservoirs and small retention ponds better suited for decentralized approaches to water management (Box 5)
are more likely to serve small-scale farmers and reduce the cost of conveyance and distribution systems
(Blanc et al., 2014; Burney et al., 2013; Strobl & Strobl, 2011; Van der Zaag & Gupta, 2008; Wisser
et al., 2010).

4. The Energy System
Human activities require energy to power systems of production, transportation, heating, and cooling
(Figure 11). In preindustrial societies energy options were relatively limited and mainly consisted of wood
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Figure 11. (a) Primary energy consumption by sector and (b) share of primary energy by fuel or other primary energy
sources (based on data from ExxonMobil, 2017).

burning and draft animals (The power of ﬂowing water and wind was used to power mills and for
navigation.), which in turn required land and water for the production of fuelwood or fodder. Thus, land
and water availability constrained energy production in the preindustrial world (e.g., Hermele, 2014). The
industrial revolution provided unprecedented access to power with engines fueled by fossil materials
(particularly coal) that required almost no land or water (Scheidel & Sorman, 2012). After 1950, there was
a massive energy transition in the “Great Acceleration” period, with particularly large increases in fossil
fuel-based energy systems (coal, oil, and gas; Steffen et al., 2007). This transition toward a high-energy
society after 1950 coincided with dramatic socioeconomic changes, including increased agricultural
production (along with innovation from the subsequent green revolution), as well as an increased rate of
manufacturing, economic growth, urbanization, and demographic growth (Box 1; Steffen et al., 2007).
Such trends occurred along with a reduction in the amount of labor effort needed by the societal
metabolism, that is, the way materials and energy are exchanged within societies, among societies, and
between societies and nature (Giampietro & Mayumi, 2000). The beneﬁts of the increasing reliance on
fossil fuels, however, came at the cost of burning, in just a few decades, much of the readily available oil
and gas, thereby depriving future generations of these energy options. At the same time, fossil fuel
consumption increased atmospheric CO2 concentrations with important impacts on the global climate
(Page, 2008).
Today the energy system suffers from major problems that are a legacy from the twentieth century: energy
consumption mostly (80%) relies on nonrenewable (fossil) sources and increases (about 2% per year) as a
result of population and economic growth, while about 3 billion people have no access to safe and reliable
energy sources. In year 2017, 2.8 billion people relied on biomass, coal, or kerosene for cooking (IEA, 2017).
Household air pollution from these sources is linked to millions of premature deaths, along with health and
environmental impacts on local communities (Kammen, 1995; Kammen & Dove, 1997). Moreover, across the
developing world several billion hours are spent every year collecting ﬁrewood for cooking, mostly by
women. This time could be put to more productive uses such as education (Bailis et al., 2005). The ongoing
continued reliance on fossil fuels is a major contributor to GHG emissions, air pollution, and associated
health and environmental problems (Johansson et al., 2012). In recent years, there has been a big push
for the development of more efﬁcient systems of energy production from renewable sources, such as
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solar and wind power (Herzog et al., 2010; Kammen, 2006). Societies will likely increasingly rely on renewable energy and gradually reduce dependence on fossil fuels (Riahi & Roehrl, 2000).
In the meantime, however, humanity needs to deal with the challenge of curbing CO2 emissions, while
removing inequalities in the access to energy. To date, one in ﬁve people still lack access to modern electricity in their homes; three billion people use wood, coal, charcoal, or animal waste for heating and cooking
(IEA, 2016). Access to affordable, clean, and reliable energy, which is listed as one of the UN’s SDGs
(UN, 2016), is a major challenge of our time. Achieving this goal and, more generally, enhancing energy
security—deﬁned as “the uninterrupted availability of energy sources at an affordable price” (IEA, 2012)
—requires improvements to the systems of energy production and distribution that may ultimately exacerbate competition for water with agriculture, as explained in sections 7 and 8.

5. Food-Water Nexus
5.1. Water and Crop Production
Meeting the demand for food can depend either directly or indirectly on local water availability. Directly, in
terrestrial ecosystems all primary production (i.e., plant growth) requires water. Indirectly, all secondary (i.e.,
animal) production (except ﬁsheries; see section 5.3) ultimately requires water to produce grass, fodder, or
feed. Thus, a strong nexus exists between food production and water availability. Such a nexus is central
to the food and water security debate because (1) in many regions of the world, crop production is limited
by water availability; (2) an increase crop yields depends on water withdrawn from surface-water and groundwater bodies and used for irrigation; and (3) overall, such agricultural water withdrawals by far exceed any
other form of human appropriation of water resources worldwide (e.g., Falkenmark & Rockström, 2004;
Hoekstra & Chapagain, 2008).
The water footprint of crops varies by food product, location, and time. For example, wheat has a global average total water footprint of 1,826 m3/t; rice, 1,674 m3/t; and maize, 1,222 m3/t (Mekonnen & Hoekstra, 2011a).
Different studies have developed hydrological models to assess water footprints of crops in different climate
conditions, geographic locations, and growing periods (Hanasaki et al., 2010; Mekonnen & Hoekstra, 2011a;
Rost et al., 2008; Siebert & Döll, 2010; Tuninetti et al., 2015). These models compute the green water (rainwater) and the blue water (irrigation water) footprints at global scale with relatively high resolution
(5 × 5 arc min) for different major crops. In general, the water footprint of crops depends on their yields
and actual evapotranspiration, which in turn is a function of climate and hydrologic drivers. It has been shown
that the spatial variability of the water footprint of crops is contributed primarily by variability in yields rather
than evapotranspiration (Tuninetti et al., 2015). The water footprint of animal products by far exceeds that of
crop-based food and varies with the type of meat, egg, or dairy product (e.g., Figure B2). For example, the
global average water footprint of beef is 15,400 m3/t; pork, 6,000 m3/t; and chicken, 4,300 m3/t. The average
water footprint of meat is also greater than that of crops on a per calorie (Figure B2 in Box 2) and per protein
basis. For instance, on a per gram of protein basis, the water footprint of milk, eggs, or chicken is about 1.5
times larger than that of pulses (Mekonnen & Hoekstra, 2010).
On average, a water volume of 1,200 m3/year per person is consumptively used for food production (Box 6).
This value, which is also known as the water footprint of an individual, typically ranges between 600 and
1,800 m3/year per person, depending on the diet (Box 6). The percentage of kilocalorie intake from animal
products varies from 1% to15% in Asian and African countries to about 35% in North America and Europe.
A balanced diet is expected to have about 20% of caloric intake from animal products (Falkenmark &
Rockström, 2004). Thus, if the role of ﬁsh in our diets is neglected (see section 5.3), the water footprint,
WFbd, of a balanced diet of, say, D = 3,000 kcal per person per day with q = 20% reliance on animal products
should be on average
WFbd ¼ Dð1  qÞWFv þ DqWFa ¼ 3:6 m3 =day ¼ 1; 314 m3 =year;
where WFv = 0.5 × 103 m3/kcal and WFa = 4.0 × 103 m3/kcal are the average water footprints of plant and
animal foods, respectively (Falkenmark & Rockström, 2004). Notice that the relatively high daily rate of food
calorie consumption used in this analysis (3,000 kcal/day) exceeds the typically recommended values of calorie intake because it accounts for unavoidable losses owing to food waste. It has been estimated that about
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24% of food production, 23% of cropland area, and 24% of the water used for crop production for human
consumption are lost in the food supply chain (Kummu et al., 2012).

Box 6. The water Footprint of Food Production
The water footprint of a commodity is deﬁned as the amount of water evapotranspired in the production
of that commodity (Hoekstra & Chapagain, 2008). The classic notion of water footprint refers to a consumptive use of water, which corresponds to a loss of water to the atmosphere as water vapor through the processes of evaporation and plant transpiration. Thus, consumptive uses mean that (liquid) water cannot be
reused downstream. To be sure, water is a renewable resource that is conserved in the Earth System and
even the water lost in water vapor ﬂuxes from agroecosystems can be eventually reused (once it contributes again to precipitation). But the fact that it is a renewable resource does not exclude that water is
available only in limited amounts and the rate of the hydrologic cycle limits our ability to reuse water right
away after it has been evapotranspired. This is the reason why water footprint analyses refer to consumptive water uses.The water footprint of agriculture (including both crops and livestock production) has been
estimated in the range 6.75 × 1012 m3/year for the 1995–2005 period (Mekonnen & Hoekstra, 2010) and
11.8 × 1012 m3/year for 2010 (Carr et al., 2013). Roughly 78% of the water footprint of agriculture is contributed by green water and 22% by blue water (i.e., evapotranspiration of irrigation water). Thus, globally,
the consumptive use of blue water for irrigation accounts for 0.90–1.28 × 1012 m3/year (Table 1), which is
less than the global water withdrawals for agriculture (2.41–2.56 × 1012 m3/year) because part of this water
is not evapotranspired and can be reused downstream.The water footprint of food strongly varies with the
type of diet and depends not only on the total caloric intake but also on how it is partitioned between
plant food and animal products (eggs, dairy, and meat). In fact, the water footprint of plant food is about
8 times smaller (≈0.5 × 103 m3/kcal) than that of animal food (≈4.0 × 103 m3/kcal; Falkenmark and
Rockström, 2004). It takes several (on average about eight) calories of feed or fodder to produce 1 cal of
animal food (Davis et al., 2014b; Pimentel & Pimentel, 2007).

5.2. Water Quality and the Food-Water Nexus
Agriculture is a major source of water-quality impairment in the food-water nexus, primarily through the
increased use and diffuse (nonpoint) mobilization of reactive forms of nitrogen (N) and phosphorus (P; e.g.,
Carpenter et al., 1998; Galloway et al., 2003; Heathwaite, 2010; Jarvie et al., 2015). In general, P and N are
the key nutrients that limit or colimit primary productivity in most freshwater and coastal systems, respectively, making these nutrients primary drivers of eutrophication, or nutrient enrichment (Conley et al., 2009;
Elser et al., 2007). Degraded water quality resulting from N and P loading can often manifest through the
development or increased persistence of harmful algal blooms (Heisler et al., 2008). Key examples of waterquality impacts downstream from agricultural production are hypoxia in the Gulf of Mexico and a growing
number of coastal “dead zones” worldwide (Diaz & Rosenberg, 2008). Although increased use of N and P fertilizers between the 1960s and 2000s (approximately 5.6-fold increase for N and 2.5-fold increase for P) have
been integral to improving yields (Foley et al., 2011; Schipanski et al., 2016), these inputs have been concentrated in certain regions, such as parts of the United States and Europe, and have contributed to persistent
water-quality problems (Vitousek et al., 2009). One of the most profound recent shifts in food production
has been the rise of fertilizer use accompanying agricultural intensiﬁcation in China and other rapidly emerging economies (West et al., 2014). The increase in fertilizer use has led to problems of excess nutrient inputs
(Huang et al., 2017; Sattari et al., 2014) that have contributed to recent widespread eutrophication in China,
such as in the Lake Taihu Region (Hai et al., 2010; Xu et al., 2010) and the East China Sea (Li et al., 2009).
There is compelling evidence that contemporary use of reactive forms of N and P is beyond a “safe-operating
space” needed to avoid widespread impacts, such as eutrophication, or to avoid other unexpected, nonlinear
change in the Earth system (Carpenter & Bennett, 2011; Steffen et al., 2015). The use of N fertilizer derived
from the Haber-Bosch process (Erisman et al., 2008; Box 1), as well as biological N ﬁxation associated with
crop cultivation, has dramatically altered the global N budget (Battye et al., 2017; Galloway et al., 2004). In
addition to the negative effects of excess N on water quality, reactive N can “cascade” through the environment, carrying major social costs in the form of degraded air quality, acidiﬁcation, depletion of stratospheric
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ozone, and contributions to climate change (Galloway et al., 2003; Keeler et al., 2016; Sobota et al., 2015). In
the case of P, the mining of highly geopolitically concentrated deposits of phosphate rock—about 90% of
which is used in food production, predominantly as agricultural fertilizers or feed additives (Cordell &
White, 2014)—potentially mobilizes an even greater amount of new P inputs to the biosphere annually than
“natural” chemical weathering of P (Bennett et al., 2001; Bennett & Schipanski, 2013). Excess agricultural P use
has particularly strong impacts on ecosystem services that are related to water quality (Jarvie et al., 2015;
MacDonald et al., 2016). In addition, P has a tendency to accumulate in soils where this “legacy P” can contribute to water-quality problems for extensive periods (Rowe et al., 2015, 2016).
Climate change is likely to compound the challenges of sustainable management of N and P for regulation of
water quality by contributing to factors that can drive coastal hypoxia and increase the incidence of harmful
algal blooms (Michalak, 2016; Rabalais et al., 2010). A primary concern in agriculture is the effect of increased
precipitation intensity on N and P loading to surface waters (Ockenden et al., 2017), particularly in Asia (Sinha
et al., 2017). Furthermore, there is evidence that elevated atmospheric temperature, in combination with nutrient loading from land use, may be increasing the dominance of cyanobacteria in lakes (e.g., Taranu et al., 2015).
5.3. The Increasing Role of Fish Consumption in the Food-Water Nexus
Seafood production includes a wide range of species groups (e.g., ﬁnﬁsh, shellﬁsh, and crustaceans), production environments (fresh, brackish, and marine waters), and production methods (wild capture and aquaculture). Since seafood species are, by deﬁnition, aquatic organisms, seafood production is intimately related to
water resources. However, water-resource requirements for seafood production are as varied as the species
produced and the production methods used (for a full review of water use for seafood, see Gephart
et al., 2017).
Aquaculture is currently the fastest growing production component in the global food system (Troell et al.,
2014), and as much as one half of seafood consumption is now derived from farmed ﬁsh (Box 4). Water
use for aquaculture is similar to that for terrestrial food production, such as water use for feeds, but water
use for aquaculture differs owing to its large water storage requirements. Aquaculture feed (aquafeed)
dependence varies by species, with some species requiring essentially no aquafeeds (e.g., bivalves) and
others relying almost completely on feeds (e.g., salmon, trout, and shrimp; Tacon et al., 2011). The water footprint of aquafeeds varies depending on feed composition, which varies by species and time on the basis of
the prices of different ingredients (Tacon et al., 2011). Recently, efforts have been made to replace ﬁshmeal
and ﬁsh oil in aquafeeds with crop-based ingredients in order to improve the sustainability of aquaculture by
supplanting the use of capture ﬁsheries for the production of aquafeed based on ﬁshmeal and ﬁsh oil (Bell &
Waagbø, 2008; Beveridge et al., 2013; Fry et al., 2016). While a shift toward crop-based aquafeeds may reduce
pressures on wild ﬁsheries, it also increasingly links seafood consumption to terrestrial agriculture. This shift
in feed source may have a trade-off with water use though because production of crop-based feeds typically
uses more water than the production of ﬁshmeal and ﬁsh oil (Gephart et al., 2014; Pahlow et al., 2015; Troell
et al., 2014).
Large water storage requirements for aquaculture differentiates the water use types and processes that are
most relevant for aquaculture from those relevant for agriculture or livestock farming (Gephart et al., 2017).
Water storage creates a competitive use for water resources, alters the rates and timing of evaporation and
seepage, and can involve large quantities of in situ water use (e.g., nonconsumptive water use for cage aquaculture). In situ water use is essential for providing habitat for inland capture ﬁsheries, and minimum environmental ﬂows are needed to maintain appropriate salinity levels in brackish water ecosystems. Although
crucial for these capture ﬁsheries and some forms of aquaculture, in situ water use can be difﬁcult to quantify
and cannot be directly compared to consumptive water use in agriculture systems. Despite these methodological challenges, as the seafood sector grows (Box 4), it is increasingly important to consider water use for
seafood production.
5.4. Water Solutions for Future Food Security
The problem of food security is often related to the availability of water resources to meet the growing needs
of human societies (Falkenmark & Rockström, 2004; Gleick, 1993; Suweis et al., 2013). Falkenmark and
Rockström (2006) developed one of the early assessments of the global water resources required to meet
the needs of the growing human population while eradicating malnourishment. On the basis of their

D’ODORICO ET AL.

478

Reviews of Geophysics

10.1029/2017RG000591

analysis, humanity’s water use for food production was roughly 6.8 × 1012 m3/year, including 1.8 × 1012 m3/year
of irrigation water and 5.0 × 1012 m3/year of green water (i.e., root zone soil moisture). To eradicate malnourishment by 2030 and meet the needs of the growing human population (roughly 2 billion more people between
2006 and 2030) for a balanced diet (see section 5.1), it would be necessary to increase the water use for agriculture by roughly 4.2 × 1012 m3/year. Falkenmark and Rockström (2006) suggest using a mix of strategies to meet
future water needs. Because many aquifers and most rivers ﬂowing through agricultural areas are already
strongly depleted (e.g., Jägermeyr et al., 2017), only a small fraction (0.5 × 1012 m3/year) of the additional water
demand for food production could be met by an increase in irrigation. The rest should come from improvements in soil water management that reduce soil evaporation (e.g., Jägermeyr et al., 2016) and the implementation of “more-crop-per-drop” approaches that use or engineer crops with higher water use efﬁciency. This
analysis (Falkenmark & Rockström, 2006) did not entirely account for the increasing water demand associated
with dietary transitions or growing biofuel demand. Nevertheless, it stressed the important constraints placed
by water resources on global food security and the need for approaches that conserve water or use it more efﬁciently (Davis, Rulli, Garrassino, et al., 2017; Davis, Rulli, Seveso, et al., 2017; Davis, Seveso, et al., 2017; Jägermeyr
et al., 2016; MacDonald et al., 2016) instead of increasing human appropriation of water resources by expanding
agriculture (i.e., green water use) or increasing withdrawals for irrigation (i.e., blue water use).
5.5. Nexus Between Human Rights to Food and Water
In the 1948 Universal Declaration on Human Rights (Article 25), the UN (1948) recognized the right to food as
a human right, which is a right that every person has just by the virtue of being human. This right was subsequently restated as the right “to be free from hunger” by the International Covenant on Economic, Social
and Cultural Rights (Article 11), which is part of the International Bill of Human Rights (UN, 1966). The
International Covenant on Economic, Social and Cultural Rights deﬁnes responsibilities for the States (internationally recognized sovereign territories) that shall take “the measures, which are needed: (a) To improve
methods of production, conservation and distribution of food … (b) Taking into account the problems of both
food-importing and food-exporting countries, to ensure an equitable distribution of world food supplies in relation to need.” (UN, 1966). Thus, the right to food recognizes both the entitlements of individuals to have
access to adequate food and the legal obligations for States to provide conditions that eradicate hunger
and malnutrition. More speciﬁcally, governments should respect existing access to food, protect it against
third parties, and fulﬁll the human right to food (e.g., Narula, 2010). Interestingly, such obligations go beyond
countries’ boundaries through international cooperation and trade agreements that respect, protect, and fulﬁll food rights. Subsequent UN documents have clariﬁed that the right to food does not necessarily imply a
right to be fed but a requirement that States create favorable conditions for people to provide food for themselves (UN Fact Sheet No. 34).
More recently, the UN has also recognized a human right to “safe, clean, accessible and affordable drinking
water and sanitation” (UN, 2010). Such a right to water, however, focuses on drinking water and sanitation
and therefore is only marginally relevant to the right to food, though, as noted in Box 2, good sanitation
reduces the risk of intestinal infections that could cause undernutrition. In the context of the water-food
nexus, the right to food implies that every individual should have access to enough “virtual” water, that is,
water used for the production of enough food commodities to be free from hunger.

6. Water-Energy Nexus
Water and energy are interconnected, largely in terms of the water use involved in power generation but also
indirectly as a result of hydrological alterations associated with hydropower development (e.g., U.S.
Department of Energy, 2014). Fuel production and power generation rely on water availability, and the supply of water requires energy (King et al., 2008). Both water and energy are ﬁnite resources that, in a rapidly
changing world, are set to be placed under increasing stress. New energy technologies implemented to “decarbonize” the economy of industrial societies are increasing our reliance on water-intensive fuels (IEA, 2016;
Mielke et al., 2010), further exacerbating the interconnection between energy production and water
resources. For example, biofuel production, concentrating solar power (CSP), and carbon capture and storage
require large amounts of water. Thus, water availability may challenge existing energy operations and is
increasingly recognized as a factor determining the physical, economic, and environmental viability of
energy production projects.
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Figure 12. Water withdrawals and consumption for energy production (date source: International Energy Agency, 2016).

The rising importance of the water-energy nexus has been recognized by the IEA’s World Energy Outlook (IEA,
2012, 2016). Moreover, the energy sector is increasingly concerned about the effects of climate change on
the water cycle. More than three quarters of the world’s top energy companies indicate that uncertainty in
water availability is a major source of risk for their business operations (CDP, 2016). Water shortages have
already caused the shutdown of coal-ﬁred power plants in India (IEA, 2015) and are affecting the choice of
location and technology used for energy projects in China (IEA, 2015). In south Texas, shale oil and gas extraction using hydraulic fracturing has competed for water with agriculture through a water market, thereby
increasing water prices in the region (Rosa et al., 2018). Years of drought in the State of California have
reduced the hydropower share of total energy production from 30% to 5% (Garthwaite, 2014).
Dam construction is another rapidly evolving nexus issue for the food-water nexus (i.e., reservoirs built for
irrigation purposes) and the energy-water nexus (i.e., dams built for hydropower). On the one hand, dam construction can have signiﬁcant economic beneﬁts in addition to supplying renewable energy (Winemiller et al.,
2016). However, these beneﬁts can come at substantial social and environmental costs in some river basins
(see section 11.1). Dam construction alters natural ﬂow regimes (Poff et al., 1997) and the connectivity of river
systems, which can disrupt the movement of organisms and sediment, whereas water storage associated
with dam operations regulates river ﬂow, which can alter geomorphic processes and disrupt ecological functions both upstream and downstream (e.g., Grill et al., 2015; Nilsson et al., 2005). Hydropower generation is
inﬂuenced by the year-to-year variations in rainfall that increase the risk of climate-related electricity supply
disruption in dry years (Conway et al., 2017). While thousands of hydropower dams are planned or currently
under construction globally (Zarﬂ et al., 2012), three large river basins (Amazon, Congo, and Mekong) have
particularly large numbers of hydropower dam projects and collectively hold about one third of freshwater
ﬁsh species (Winemiller et al., 2016). The Mekong contains the world’s largest inland ﬁsheries, which are an
important source of food for local populations. These ﬁsheries are particularly sensitive to dam construction
because of disruptions of migratory ﬁsh stocks (Ziv et al., 2012).
6.1. Water for Energy
In 2014 the energy sector accounted for 10% of total worldwide water withdrawals and around 3% of total
water consumption (IEA, 2016). About 12% of these withdrawals and 64% of the consumption were used
for energy source extraction (IEA, 2016), and the remaining water was used for power generation (Figure 12).
6.1.1. Crude Oil Production
Water use for crude oil production (i.e., extraction and processing) greatly varies, depending on technology
used, local geology of the reservoir, and operational factors (Rosa et al., 2017; Wu et al., 2009). Relatively large
amounts of “fossil” water, corresponding to roughly 7 times the volume of oil produced, are extracted with
the oil (e.g., Mielke et al., 2010). The produced water is injected into disposal wells, reinjected into the reservoir to improve oil recovery efﬁciencies, or treated with energy-intensive technologies and added to the
water cycle.
Conventional oil can be extracted using three recovery techniques. Primary oil recovery, that is, the natural
ﬂow of oil into production wells, has a small water footprint of extraction. However, primary recovery
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usually extracts less than one third of the hydrocarbons stored in the geologic formation from which they are
extracted. To maximize reservoir production, more expensive and advanced technologies, such as secondary
and tertiary oil recovery, are implemented. Secondary recovery via water injection uses large amounts of
water to improve oil production. Water allocations can come from different sources; for example, in Russia,
water is withdrawn from freshwater resources, and in Saudi Arabia, the water used is typically either brackish
water or seawater (Wu et al., 2009). Tertiary oil recovery or enhanced oil recovery via thermal recovery is even
more costly and energy demanding. In this case, high-pressure steam is injected into the hydrocarbon reservoir to reduce heavy oil viscosity and increase the production ﬂux. Another water-intensive enhanced oil
recovery technique is tertiary recovery via CO2 injection. CO2 is captured from the “ﬂue” gas emitted using
water-based technologies, such as absorption through amine scrubbing (in this process an amine solvent
is used to remove carbon dioxide from the ﬂue gas; Bui et al., 2018). Carbon dioxide is subsequently stripped
from the solvent by heating and transported and injected into the hydrocarbon reservoir to enhance oil production (Smit et al., 2014).
In recent years unconventional fossil fuels have received increased attention as important energy sources
(Farrell & Brandt, 2006; Rosa et al., 2017, 2018). Shale oil and oil sands are expected to contribute to a
growing share of our future energy needs (BP, 2017; ExxonMobil, 2017; IEA, 2016). Depending on the
depth of the deposit, oil sands are extracted using two different methods―surface mining (i.e., digging
into shallow deposits) and in situ drilling (i.e., pumping from recovery wells after injecting high
temperature steam to reduce heavy oil’s viscosity). In situ technology requires less water than surface
mining (Rosa et al., 2017). Bitumen from mined oil sands is a low-quality product that needs to be
upgraded through a water-demanding process into synthetic crude oil before being delivered to reﬁneries
(Rosa et al., 2017).
Shale oil and gas extraction is performed through horizontal drilling and hydraulic fracturing, technologies
that require a lower amount of water than other fossil fuels. However, shale oil extraction requires a large
upfront use of water (i.e., during the process of well drilling) over a few days, after which oil is produced over
several months (Mielke et al., 2010; Scanlon et al., 2014b). Thus, intensive water withdrawals over a short period of time can induce or enhance local water stress. By adopting a hydrologic perspective that considers
water availability and demand together, Rosa et al., 2018 presented a global analysis of the impact of shale
oil and gas extraction on water resources, particularly on irrigated crop production. Using a water balance
analysis, Rosa et al., 2018 found that 31–44% of the world’s shale deposits are located in areas where water
stress would either emerge or be exacerbated as a result of unconventional oil and gas extraction from shale
rocks. This analysis is an example of how research can analyze all the three dimensions of the FEW nexus
using geospatial data-driven analyses. Results from these studies can be used by decision makers and local
communities to better understand the water and food security implications of energy systems.
6.1.2. Natural Gas Production
Conventional gas production has a negligible water footprint. A small volume of water is required during the
drilling and cementing phases. Interestingly, unconventional gas production from shale gas requires the
same amount of water as shale oil wells drilled in the same area (Scanlon et al., 2014a). However, energy production from shale oil has a lower water footprint than energy from shale gas because of the higher energetic
content of oil.
Unconventional gas can also be produced from coal bed methane. In this case, deep coal seams undevelopable for mining operations are drilled to extract the natural gas that is absorbed by the organic material in the
coal formation. Coal bed methane has a low water footprint and releases substantial volumes of produced
water (U.S. Geological Survey, 2000) that, if treated, can be recirculated into the water cycle.
6.1.3. Coal
Coal has not only high GHG emissions per unit of energy produced but also a high water cost (Table 2). The
amount of water used for coal mining varies between underground and surface mines. Water requirements
increase as the coal mine operations move deeper underground. An increasing trend in coal mining operations is to wash coal, a process that requires about 3.79–7.58 L/GJ (Mielke et al., 2010). Coal washing is accomplished by density separation or froth ﬂoatation to separate mined coal ore from a mixture of materials (e.g.,
rocks, minerals, and sand). This process aims to improve combustion efﬁciency to meet environmental standards by reducing sulfur and particulate emission during combustion (IEA, 2012). Water can also be used to
transport coal as a slurry through pipelines (Mielke et al., 2010).
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Figure 13. The water footprint of fossil fuel and biofuel production. For fossil fuels, only blue water is used for extraction
and processing without accounting for “ancient water” (section 6.1.5). For biofuels, the water footprints account for
green water consumption, and the variability results from the dependence on climate and geographic conditions (based
on data in Table 3). Biofuels are classiﬁed as ﬁrst, second, and third generation.

6.1.4. Biofuels
In an attempt to curb the increasing atmospheric CO2 concentrations, recent energy policies have mandated
a certain degree of reliance on renewable energy sources as alternatives to fossil fuels (EU, 2009; U.S.
Congress, 2007). Thus, gasoline and diesel are now commonly blended with bioethanol and biodiesel.
These biofuels can be obtained from a variety of crops, including food crops (ﬁrst-generation biofuels),
cellulose-rich crop residues (second generation), and algae (third generation; Figure 13). To date (2018),
the biofuels that are commonly used are of the ﬁrst generation. Bioethanol is mainly made with maize in
the United States and sugarcane in Brazil, whereas biodiesel is produced using vegetable oil (e.g., soybean
oil, rapeseed oil, and palm oil; Figure 14). Bioethanol consumption is for most part domestic, and at least

Table 3
Water Footprint Fossil Fuel Extraction and Biofuel Production
Process or method
Crude oil primary recovery
Crude oil secondary recovery via water injection-Saudi Arabia
Crude oil secondary recovery via water injection-U.S.
Crude oil tertiary recovery via CO2 injection
Crude oil tertiary recovery thermal recovery
Oil sands mining
Oil sands in situ drilling
Shale oil
Shale gas
Conventional gas
Coal bed methane
Coal mining
Biofuels ﬁrst generation: ethanol
Biofuels ﬁrst generation: biodiesel
Biofuels second generation: cellulosic ethanol
Biofuels third generation: algae

L/GJ

Source

5
38–125
235
356
148
224
64
9–11
5–16
0
0
3–23
41,800–124,800
68,250–137,820
24–239
8,000–193,000

Mielke et al. (2010)
Mielke et al. (2010)
Mielke et al. (2010)
Mielke et al. (2010)
Mielke et al. (2010)
Rosa et al. (2017)
Rosa et al. (2017)
Scanlon et al. (2014a)
Scanlon et al. (2014a)
U.S. Department of Energy (2006); Mielke et al. (2010)
International Energy Agency (2016)
Mielke et al. (2010)
Rulli et al. (2016)
Rulli et al. (2016)
International Energy Agency (2016)
Gerbens-Leenes et al. (2014)

Note. Values may vary as a function of the calculation methods and the underlying assumptions.
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Figure 14. The water footprint of bioethanol and biodiesel fuels in major biofuel consumer countries (from Rulli et al.,
2016).

one third of the global biodiesel is available through international trade, mostly associated with palm oil from
Indonesia and Malaysia (Rulli et al., 2016).
The water used for biofuels strongly varies with crop type, geographic location, climate, and soil (Fingerman
et al., 2010; Gerbens-Leenes et al., 2014; Wu et al., 2009). First-generation biofuels have a much higher water
footprint than fossil fuels (Table 2; see also the discussion on “ancient water” in the following sections) and
therefore compete with the food system directly (biofuel crops can be directly used as food) and indirectly
(blue water used for biofuel crops can be used for food production). The competition of biofuels with food
production explains the heated debate on how bioenergy production competes with the food system and
the appropriateness of using food crops to ﬁll fuel tanks instead of feeding the poor (e.g., Brown, 2015).
Rulli et al. (2016) found, however, that to date, only about 4% of the global energy consumption by the transport sector and 0.2% of global energy use in all sectors is utilized for biofuels. For the year 2000, biofuel production accounted for about 2–3% of the global land and water used for agriculture (Cassidy et al., 2013; Rulli
et al., 2016). In 2007, biofuel production accounted for about 2% of the global production of inorganic phosphorus fertilizer (Hein & Leemans, 2012). Second- and third-generation biofuels do not compete with food
production because they do not rely on biomass that could otherwise be used for food, and they consume
relatively small amounts of water (Gerbens-Leenes et al., 2014; Wu et al., 2009).
6.1.5. Ancient Water and the Water Footprint of Fossil Fuels
The water footprint of fossil fuels is typically calculated (e.g., Figure 13) by accounting only for the water used
for oil or gas extraction and processing without considering the fact that these hydrocarbons result from the
transformation (i.e., fossilization) of ancient plant biomass over geological time (D’Odorico, Natyzak, et al.,
2017). Millions of years ago the growth of that biomass was associated with the transpiration of ancient
water, similar to the way today’s biofuel production entails the consumptive use of the huge amounts of
water (discussed in the previous section). For any agricultural commodity (e.g., cereals, fruit, and ﬁbers),
the water consumed in transpiration is the major contributor to the water footprint of fossil fuels. The main
difference, in this case, is that the water used for transpiration is ancient water. The omission of ancient water
from the calculation of the water footprint of fossil fuels explains the big gap between the water footprint of
fossil fuels and biofuels (Table 2). The ancient water component of the water footprint of fossil fuels is difﬁcult
to estimate because that water was transpired millions of years ago by plant species and under climate conditions that do not exist anymore and are not known to us. It is possible, however, to estimate the amount of
water that it would take today to replace the “burning” of ancient water with present water by shifting from
fossil fuels to present biomass (i.e., biofuels). To meet today’s fossil energy need (4.69 × 108 TJ/year in 2013 for
natural gas, crude oil, and coal), a consumptive use of water would be close to 7.39 × 1013 m3 year, which is
order of magnitude greater than the water used for extraction and processing (4.64 × 108 m3/year) that is
usually accounted for in water footprint calculations of fossil fuels (D’Odorico, Natyzak, et al., 2017). Thus,
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to meet its energy needs, humanity is using an amount of ancient water
of the same order of magnitude as the annual evapotranspiration from
all terrestrial ecosystems (Figure 9). In other words, the energy that is
powering industrial societies relies on water from a geological past
(D’Odorico, Natyzak, et al., 2017). Likewise, the use of fossil fuels is relying on past sunlight (Hartmann, 2004) and land (Hermele, 2014), allowing industrial societies to have access to an unprecedented amount of
energy that cannot be replaced with present-day biomass because of
constraints imposed by the water cycle (D’Odorico, Natyzak, et al.,
2017) and land availability (Rulli et al., 2016). These ﬁndings highlight
Figure 15. The water footprint of power generation expressed in terms of eva- the need for nonfuel-based sources of renewable energy as future substitutes for fossil fuels.
poration losses or “consumptive use” (based on data reported in Table 4).
CCS = carbon capture system; MWh = megawatt hour.
6.1.6. Integrating Geographic Constraints in Water
Footprint Calculations
The discussion of ancient water presented in the previous section highlights some limitations in the calculations of the water footprint of fossil
fuels. Although the water footprint of biofuels and food products accounts for the water used their production, for fossil fuels, the water footprint accounts for the actual water needed in extraction and processing,
neglecting the ancient water used millions of years ago (D’Odorico, Natyzak, et al., 2017).
Moreover, previous works have assessed the water footprint of energy production and power generation
from the life cycle analysis (LCA) perspective without considering the impacts on local water resources
(e.g., Scown et al., 2011). In analyses of the hydrologic impacts of fossil fuel production, an approach that
looks at the total water used for extraction and processing may be misleading because these two water
needs are typically met with water resources available in two different locations (i.e., close to the extraction
wells and processing plants, respectively). LCA scientists typically focus on a comprehensive accounting of all
water costs associated with production and processing, regardless of where the water comes from. Therefore,
there is the need for a more hydrologic-based approach as an alternative to classic LCA calculations of the
water footprint (Rosa et al., 2018).
6.1.7. Water Use for Power Generation
Power generation accounts for 88% and 36% of the water withdrawals and consumption in the energy sector,
respectively (IEA, 2016). The other major share of water for energy is allocated to energy resource extraction
(see previous sections). The water footprint of power generation is calculated in terms of consumptive use
(i.e., evaporation losses), similar to the calculation for agricultural products (Figure 15).
6.1.7.1. Thermoelectric Power Generation
Thermal power generation accounts for 70% of world power generation (IEA, 2016). Current technologies
used for thermoelectric power plants are based on a steam Rankine cycle and heavily rely on water. In these
systems, a cooling ﬂuid is needed to cool and condensate the outlet steam of the expanders. In a thermoelectric power plant, water is heated to produce the steam needed to spin the turbines that generate electricity.
Thermodynamic limits require cooling the steam into water before it can be reheated to produce steam
again. Surface water from a nearby water body (river, lake, or sea) typically is used as a refrigerating ﬂuid
because of its availability and efﬁcient heat transfer properties. For this reason, thermoelectric power plants
are built close to rivers, lakes, and seas.
The volumes of water withdrawn for thermal power generation are staggering. For example, in the United
States thermoelectric power plants account for 40% of total freshwater withdrawals and 4% of freshwater
consumption (U.S. Department of Energy, 2006). Power plants built along the coast can reduce the use of
freshwater and limit the exposure to water stress. However, seawater is more corrosive and requires more
resistant materials and higher capital costs (IEA, 2015).
Nuclear power has the highest water consumption among thermoelectric technologies (Table 4). Water is
needed not only to cool the exhaust steam but also to control the temperature of the ﬁssion process of uranium. Additionally, uranium mining and processing requires substantial amounts of water (Mielke et al., 2010).
Coal and natural gas-ﬁred power plants, as well as reﬁneries, can be retroﬁtted with a carbon capture unit (Bui
et al., 2018). Although carbon capture and storage is a promising technology to limit the climate change
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Table 4
Water Footprint for Power Production (in Liters per Megawatt Hour)

Thermal power plant
Advanced coal with CCS
Nuclear power plant
Wind
Solar photovoltaic
Concentrating solar power
Hydropower

L/MWh

Source

0–1,895
1,895–3,032
0–2,843
0
10–1,00
100–1,000
3,790–26,530

Mielke et al. (2010)
Mielke et al. (2010)
Mielke et al. (2010)
Mielke et al. (2010); International Energy Agency (IEA, 2016)
IEA (2016)
IEA (2016)
Mielke et al. (2010)

Note. CCS = carbon capture system.

impacts of energy production by reducing CO2 emissions from fossil fuels, the actual technology is based
on absorption capture units, which rely on large volumes of water to separate CO2 from the ﬂue gas (Smit
et al., 2014).
6.1.7.2. Power Generation From Renewable Energy
Renewable energies differ in their rates of water consumption (Table 4). Wind turbines are not water intensive (Mielke et al., 2010). Solar photovoltaic energy production requires water to clean solar panels of dust
deposits (Ravi et al., 2014). Concentrating solar power (CSP), which relies on a Rankine cycle and steam turbines, has water consumption levels similar to those of thermoelectric power plants. Both photovoltaic and
CSP plants are usually located in arid regions where solar radiation is high enough to ensure the maximum
operating load throughout the year and where there are no constraints on the availability of land for such
spatially extensive projects. However, site selection needs to take into account water availability.
Interestingly, solar technologies could be paired with biofuels cultivation to reduce the competition for
land with food production and optimize water use for energy (to clean solar panels) and crops (Ravi
et al., 2014).
Hydropower produces power while providing a source of global energy storage (Hoes et al., 2017). Most of
the water stored is returned to the environment. The major contributor to water consumption in hydropower
plant is evaporative loss from the reservoir (Bakken et al., 2017). Such losses are site speciﬁc and vary with
reservoir size and climate and are minimal in the case of ﬂowing water systems with no reservoirs (Bakken
et al., 2013; Scherer & Pﬁster, 2016). (See section 3.4 for impacts of dams on ecosystems.)
6.2. Energy for Water
Access to modern energy is essential for the provision of clean water supply, sanitation, and healthcare. Only
recently, attention has been given to the amount of energy required for irrigation (Vora et al., 2017) and clean
water supply and treatment (IEA, 2016; King et al., 2008). In 2014, the global water sector used the equivalent
of Australia’s entire energy demands for water supply and treatment (IEA, 2016). Depending on the quality of
water, different energy-intensive processes, such as desalinization and wastewater treatment, need to be
implemented to ensure access to clean and potable water. The treatment of brackish and saline water, which
is growing in importance in Saudi Arabia and Saharan African countries (IEA, 2016), requires at least 10–12
times more energy than freshwater treatment (King et al., 2008).
Depending on the depth, groundwater pumping is more energy intensive than surface-water withdrawals.
Additional energy is required to convey surface water when gravity ﬂow is not an option. For example, the
State Water Project in California uses 3% of the State’s electric energy to transport water across a 1,100-km
distance (Webber, 2016). Likewise, China is developing a massive water transfer project to transport
45 Gm3/year from the wet south to the dry north (IEA, 2015).
6.3. Future Projections
A recent report by the IEA has quantiﬁed the amount of water that will be needed to meet our future energy
needs (IEA, 2016). Even though the global energy demand is projected to rise by 30% by 2040 (BP, 2017;
ExxonMobil, 2017; IEA, 2016), water withdrawals for energy production are not expected to increase because
of the adoption of more advanced water-saving technology (Table 5). However, the increase of nuclear
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Actual and Projected World Water Withdrawals and Water Consumption From
the Energy Sector
3

Water withdrawals
Water consumption

3

Year 2014 (Gm )

Year 2040 (Gm )

398
48

400
75

Note. International Energy Agency (2016).
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power, biofuel production, and unconventional fossil fuels extraction will
increase water consumption in the energy sector by more than 60%.
As noted earlier, one of the UN’s social development goals (SDGs) is to
ensure access to water for all. To reach this goal, more energy will be
required to treat wastewater and saline or brackish water. In the next
25 years there will be a shift toward energy-intensive water projects, doubling the energy use for water (IEA, 2016), mostly because of desalinization
projects and large-scale water transfer. At the same time, energy intensity
in the water sector will increase from 0.2 to 0.3 kWh/m3 (IEA, 2016).

7. Food-Energy Nexus
Energy is used for multiple food system activities, including the operation of farm machinery and the processing, packaging, transporting, refrigerating, and preparing of food (Ingram, 2011). As one example, the U.S.
Department of Agriculture estimated that overall food-related energy use in the United States represented
16% of the Nation’s total energy budget (Canning et al., 2010). The energy use involved in the food system
therefore to some degree links food systems to GHG emissions. Food systems contribute between 19% and
29% of total global anthropogenic GHG emissions, but direct emissions from agricultural production (e.g.,
nitrous oxide emissions from excess N fertilizer application and methane emissions from enteric fermentation)
and indirect emissions resulting from land use change contribute much more to total emissions than other
food system activities (Vermeulen et al., 2012). Even before the food production stage, energy use is required
in the production of fertilizers and pesticides; for example, industrial ammonia synthesis using the HaberBosch process for N fertilizer manufacturing uses greater than 1% of energy production worldwide because
of its reliance on high temperature and high pressure (Smil, 2004). Although food is increasingly transported
across vast distances, a life cycle assessment of U.S. foods by Weber and Matthews (2008) found that transportation represented just 11% of total food-related GHG emissions, meaning that food choice (e.g., choosing
lower emissions intensity chicken instead of higher emissions intensity red meat) had a higher relative impact
on the reduction of overall emissions than the sourcing of local foods to reduce transportation emissions.
One of the most obvious ways in which food is linked to energy is the use of food crops as feedstock for biofuel production (further detailed in section 6.1.4). There is a myriad of cases where the water needs of
the energy and food sectors strongly interact with one another through their competition for land and water
(section 7). As a result, energy prices can also be linked to food prices because of the increased cost of
agricultural production and transportation (e.g., Headey, 2011; Headey & Fan, 2008), which was observed
particularly with the growing demand for ﬁrst-generation biofuels as a result of higher oil prices in the
2000s (Anderson, 2010; Naylor et al., 2007). The links between food and ﬁrst-generation biofuels are further
discussed in the following section.

8. Interactions Underlying the FEW Nexus
The food and energy sectors compete with one another either directly (see section 7) or indirectly through
their reliance on the same water resources. In this section, three major examples of strong interactions
among the water, energy, and food systems, namely, biofuels, reservoir operation, and unconventional fossil
fuel extraction, are discussed.
8.1. First-Generation Biofuels
Perhaps the clearest nexus issue between food, energy, and water is that of ﬁrst-generation biofuels (section
6.1.4). First-generation biofuels are for the most part produced utilizing crops that could also be used as food
(or ﬂex crops). In this case, the interaction between energy and food is a direct competition for these crops or
the land and water resources they use (e.g., Naylor et al., 2007). Brown (2013) suggests that the consumption
of one 25-gal. tank of fuel (e.g., for a sport utility vehicle) roughly corresponds to the food needed to feed one
person for a year. Furthermore, Headey and Fan (2008) and Headey (2011) argue that a surge in demand for
biofuels in conﬂuence with other factors (e.g., rising oil prices, depreciation of the U.S. dollar, export restrictions, and trade shocks) was at the root of the 2007/2008 global food crisis because of its impacts on elevating prices for key crops. Such characteristics help to explain why the competition between energy and food
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production has been at the center of heated debates about the ethical implications of sacriﬁcing food crops
to reduce societal reliance on fossil fuels.
The production of biofuels is one of the more prominent examples of connections between food and energy
markets that has raised concerns about diverting resources from one product (food) to the production of
another product (biofuel), which can generate higher returns. These dynamics are further complicated by
agricultural subsidies, tariffs, incentives for renewable energy, and opportunities associated with international land investments for agribusiness corporations. At the same time, biofuel production has a strong
impact on the water system, particularly in water-limited regions, where the same water resources could
be used for food (e.g., Rulli et al., 2016).
The environmental effects of expanding ﬁrst-generation biofuel production have led to substantial criticism
and debate. Tilman et al. (2009) described this as a “food, energy, and environment trilemma” since ﬁrstgeneration biofuels carry risks to food security and GHG emissions. The increasing demand for ethanol led
to a sharp increase in demand for crops such as maize in the United States and sugarcane in Brazil, raising
concerns over land use change (Harvey & Pilgrim, 2011). In Brazil, the demand for sugarcane is expected to
result in forest loss and land use changes (e.g., Lapola et al., 2010). The effects can be direct and indirect, with
biofuel crop plantations displacing pastures, and new pastures replacing forested areas (e.g., Hermele, 2014).
Similarly, the use of maize-based ethanol to replace gasoline in the United States could substantially increase
CO2 emissions as land conversion, domestically and abroad, responds to meet this increased demand (Hertel
et al., 2010; Searchinger et al., 2008). The boom in biofuel demand in the United States during the late 2000s
resulted in substantial increases in maize production for ethanol, which was linked to the expansion of crop
production nationally, particularly on more marginal lands, including grasslands and wetlands (Lark et al.,
2015). Likewise, the boom of oil palm plantations in Southeast Asia in response to biofuel and oil crop markets has come at the cost of high biodiversity old-growth forests, including substantial emissions of GHGs
from cleared forests and particularly drainage of carbon-dense tropical peatlands (Carlson et al., 2012,
2013). Depending on the previous land cover and its capacity for carbon storage, negative net GHG emissions, often touted as the potential advantage of biofuels over conventional fossil fuels, may not be realized
for decades after the land conversion when the “carbon debt” from the increased GHG emissions caused by
forest clearing has been paid off (Fajardy & Mac Dowell, 2017; Fargione et al., 2008). Using current agricultural
lands for biofuel crops may offset the “carbon debt” of land use change but can lead to a displacement of
food crops and substantial water use (Rulli et al., 2016). The following sections discuss some examples of
more indirect forms of competition between energy and food that can have impacts on the food system
but have remained more unnoticed.
8.2. Reservoir Management
Dams are typically built to create reservoirs and store water in rainy seasons or wet years for use in dry periods, when streams and rivers exhibit low ﬂows. Possible uses of reservoir water include irrigation, environment for aquaculture, water supply, and hydropower. Dams can be built to protect downstream areas from
ﬂoods and to mitigate ﬂood waves by storing part of the ﬂood water in reservoirs. It is not uncommon to
see dams that are built for multiple purposes, such as hydropower generation and irrigation. In this case,
strong water-related interactions emerge between the energy and food sectors, particularly in regions
affected by water limitations for at least part of the year. Water utilized for hydropower production can still
be used for irrigation after it has passed through the turbines of a power plant, suggesting that no real
competition exists between these two water uses. Nevertheless, competition does exist because hydropower generation and irrigation often require different reservoir management criteria: irrigation water is
needed during the growing season, whereas hydropower is typically used during periods of peak demand,
which do not necessarily coincide with the growing season. Moreover, after its use in a power plant, water
has undergone a major loss in its gravitational potential energy, thereby limiting its ability to be transported to the so-called dam command area (i.e., the area downstream from the dam that can be irrigated
with water from the dam’s reservoir) by gravity ﬂow. Criteria for multiple-objective reservoir management
have been the subject of research in the last 40 years (Cohon & Marks, 1973, 1975; Croley et al., 1979; Yeh,
1982, 1985) and will not be reviewed here. What recent research on the FEW nexus is adding to the analysis
of multipurpose reservoir operation is the need for new models of water governance (Box 5) that can deﬁne
the objectives for optimal reservoir operation. In addition to balancing irrigation and hydropower, dam
operation can be redesigned for ﬂow regimes that support existing capture ﬁsheries (Poff et al., 2016).
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8.3. Fossil Fuel Extraction
As noted in previous sections, the extraction of unconventional oil and
natural gas requires water (section 6.1). For example, bitumen is
extracted from oil sands in a water-intensive process that can challenge
the maintenance of environmental ﬂows even in “water-rich” regions
such as Alberta, Canada (Rosa et al., 2017). Shale oil and shale gas are
usually extracted using hydraulic fracturing, a water-intensive technology. The required water can be diverted from the agricultural sector
toward the more proﬁtable energy sector, thereby leading to the emergence of competition with agriculture. As with the previously described
competition for water resources between food production and biofuels, when water management relies on water markets, water is allocated to the sector that can generate higher incomes (e.g., Debaere
et al., 2014), which is typically the energy sector.
Figure 16. A representation of a country’s footprint in conditions of self-sufﬁciency
(a) and trade dependency (b). In the right diagram, there is spillover of the
footprint of that country outside its boundaries (or external footprint, shaded in red),
whereas in the left diagram of a self-sufﬁcient country (a), the footprint is entirely
contained within the country’s boundary.

9. Globalization of Food and Water

With the growth of global trade in agricultural commodities, food,
energy, and water systems are now connected across vast distances
and in increasingly complex ways (Hoekstra & Chapagain, 2008;
Liu et al., 2015; Meyfroidt & Lambin, 2011). International land investments (Rulli et al., 2013) and human
migration (e.g., Davis et al., 2013) further contribute to the globalization of land, water, and food (Carr
et al., 2013; Lambin & Meyfroidt, 2011; MacDonald, 2013; Porkka et al., 2013; Tuninetti et al., 2017). These
processes can be both causes and effects of local food deﬁcits. In fact on the one hand, local food scarcity
increases the demand for external (i.e., nonlocal) production, thereby stimulating imports or foreign land
acquisitions. On the other hand, reliance on areas with surplus production further sustains population
growth in regions with local food deﬁcit (Porkka et al., 2017; Suweis et al., 2013), thereby further increasing
the dependence on non-local production. The dynamics of globalization result in a disconnect between
consumers and the environment that supports them, which can at least theoretically reduce the
sustainable management of agricultural landscapes (e.g., Clapp, 2014, 2015; Cumming et al., 2014).
Likewise, agricultural trade acts as a mechanism for the displacement of environmental impacts such as
land use change (Meyfroidt et al., 2013; Meyfroidt & Lambin, 2011), N and P pollution (Galloway et al.,
2007; O’Bannon et al., 2014; Schipanski & Bennett, 2012; Schipanski & Drinkwater, 2012), and depletion
of water resources (e.g., Dalin et al., 2017) toward export-producing nations.
The degree of reliance on these external resources can be effectively pictured through the notion of water
footprint (Hoekstra & Chapagain, 2008; see also Box 6) and embodied land. A related concept, the “ecological
footprint” is deﬁned in more abstract terms (i.e., not tied to any given place) as the “areas necessary to continuously provide for people’s resource supplies and the absorption of their wastes,” or more in general the
“biological capacity” that is appropriated by a society to meet its needs (Wackernagel et al., 1999). The ecological and water footprints of a given country may fall partly outside its boundaries. In other words, the water
and land footprint of each country could have internal and external components (Figure 16). Likewise, the
external footprints of other countries may fall within the boundaries of the country in question. This is possible because the globalization dynamics associated with trade and international investments allow for a displacement of land use to other countries (Lambin & Meyfroidt, 2011). Weinzettel et al. (2013) and Kastner
et al. (2014) estimate that 24% of the global total land footprint is displaced through international trade.
Interestingly, about 25% of this displacement (i.e., 6% of the global total land footprint) is associated with
trade from low-income to high-income countries; moreover, the recent increase in the external footprints
(i.e., imports) appears to be positively related to income (Weinzettel et al., 2013).
9.1. Global Food Trade
The globalization of food through international trade has more than doubled since the mid-1980s (D’Odorico
et al., 2014). A variety of global economic drivers have contributed to this recent growth in global food and
agricultural trade, including changes in trade policy, structural changes in the agricultural sector, increased
ﬁnancialization in the food sector, productivity growth, and changing demand (e.g., Anderson, 2010;
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Clapp, 2015; Headey, 2008). Trade has consequently increased at a rate
that has exceeded the rate of food production, thereby resulting in an
increase in the percentage of food production that is traded internationally (Figure 17). The intensiﬁcation of food trade is observed not
only in an increase in the amount of food calories that are imported
and exported through existing trade links (Figure 18) but also in the
growing number of trade links, which has doubled since the mid1980s (Carr, D’Odorico, Laio, & Ridolﬁ, 2012). Although trade can be crucial for food commodities not grown domestically (e.g., Kastner et al.,
2014), trade liberalization can also have negative impacts on nutrition
and public health, for example, through increased access to unhealthy
foods (e.g., Hawkes, 2006; Rayner et al., 2006). At the global scale, there
is evidence that food supplies are becoming increasingly homogenous
and that the growth of trade in energy-dense foods may be a driving
factor (Khoury et al., 2014).
Important changes are taking place in the geography of trade patterns
(Figure 18): South America and Southeast Asia have become increasingly integrated in the global food trade, particularly as a result of rising
foreign demand for commodity crops such as soybean and palm oil,
respectively (Henders et al., 2015; MacDonald et al., 2015). In particular,
China has become a major importer of soybeans with the rise of extremely large trade ﬂows from Brazil and Argentina since the year 2000
(e.g., Dalin et al., 2012; Figure 18). Overall, the world has become much
more interconnected (or globalized), though the African continent has
remained comparatively less integrated in the global network of food
trade (e.g., Carr et al., 2013).

Figure 17. Global trade of food (thin line) and food + feed and other agricultural
products (thick line) but excluding secondary food products (a); and share of the
global production that is traded (b; from D’Odorico et al., 2014).

One of the fastest growing components of global agricultural trade has
been trade in livestock feed (Lassaletta et al., 2014), which has tripled
since the mid-1980s (Figure 19) and accounts for roughly 7.6% of the
global land area used for livestock production (Davis, Yu, Herrero,
et al., 2015). Thus, trade establishes important teleconnections
between consumers and the land and water resources that sustain
them (Liu et al., 2015).

Figure 18. Global patterns of food trade in 1986 (a) and 2010 (b) (from D’Odorico et al., 2014). There has been a major shift
in the geographic structure of global food trade in the 2000s, particularly with the growth of exports from South America
and the growth of imports to China.
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Figure 19. Virtual land trade associated with imports and exports of feed (Davis, Yu, Herrero, et al., 2015). Circles show
interregional ﬂows of virtual land via feed trade. The color of each band corresponds to the exporting region, while the
numbers within major bands represent the magnitude of the virtual ﬂow of land (in Mha) along the link. Circle areas are
scaled to the total virtual land traded in 1986 and 2010. Inset plot shows the steady transition of virtual land’s destination,
from almost entirely to Europe in 1986 to roughly equals parts Europe and Asia in 2010. Map shows the net virtual trade of
land for feed by country (year 2000–2009 average).

9.1.1. Implications of Food Trade for Land and Water Resources
The growing reliance on food trade has had differential effects on natural systems within producer and consumer countries. Food trade is associated with a virtual transfer of water (Allan, 1998), including green and
blue water (Konar et al., 2012), and land (Kastner et al., 2014) that are embodied in the production of traded
commodities. Most of the new agricultural land use at the global scale has been linked to the increased production of export-oriented commodities (Kastner et al., 2014), particularly the growing foreign demand for
oilseeds and corresponding increased production, especially in tropical countries (Byerlee et al., 2016). The
growth of global trade therefore has particularly important implications for understanding land use change
across countries (Henders et al., 2015; Meyfroidt & Lambin, 2011) and its relation to environmental impacts,
such as biodiversity loss (Chaudary & Kastner, 2016; Kastner et al., 2011; Lenzen et al., 2012). Importantly, the
growth of food and feed trade has driven large changes in fertilizer use that has altered the biogeochemical
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cycles of N (Galloway et al., 2007; Lassaletta et al., 2014) and P
(Schipanski & Bennett, 2012) at different scales. The case of P is particularly unique because of the importance of trade in the physical transfer
of P across national borders, given the relatively minor atmospheric
component in the global P cycle (Grote et al., 2005; Smil, 2000): relatively large quantities of P are traded in phosphate rock (a nonrenewable and geopolitically concentrated resource) and manufactured
fertilizers, as well as in agricultural commodities (Cordell & White,
2014; MacDonald et al., 2012). Policies of the EU aimed at a reduction
in fertilizer use in the EU has resulted in an increase in agricultural
imports, with the effect of increasing P pollution in the exporting countries (Nesme et al., 2016). The impacts of trade in terms of water pollution (termed “gray” water footprints; O’Bannon et al., 2014) and
groundwater depletion (Dalin et al., 2017) are increasingly recognized.

Figure 20. Virtual water trade associated with (top) food commodities and (bottom) agricultural commodities (after Carr, D’Odorico, Laio, & Ridolﬁ, 2012).

Because exporting countries can often produce food with relatively
high resource use efﬁciencies, international food trade has potentially
facilitated resource “savings” in a global sense for certain resources
(Chapagain et al., 2006; Kastner et al., 2014; Konar et al., 2013; Oki &
Kanae, 2004; Schipanski & Bennett, 2012). However, these potential
resource savings may be offset by broader effects of trade on other
environmental issues, including biodiversity, pollution, and GHG emissions (Chaudhary & Kastner, 2016; Dalin & Rodríguez-Iturbe, 2016). In
addition, the increasing importance of international food trade has also
served to separate consumer choices from the environmental impacts
of production (Clapp, 2015; Dalin et al., 2017; DeFries et al., 2010;
Lenzen et al., 2012) and allowed high-income countries to spare land
while displacing pressure on ecosystems to the developing world
(Meyfroidt & Lambin, 2011; Weinzettel et al., 2013).

9.1.2. Virtual Water Trade
The study of trade from the perspective of water used for food production is very instructive in that it allows for
an analysis of dependencies on local and global water resources. At the regional scale, water resources may be
insufﬁcient to meet the food demand of the local population. Already, some regions of the world (e.g., the
Middle East) experience chronic water scarcity: the population exceeds the limits imposed by the availability
of freshwater resources for food production (e.g., Allan, 1998). When a society has limited access to a vital
resource such as water, it can either decide to use it more efﬁciently by reducing waste or other losses,
and/or try to import water from somewhere else. However, the amounts of water required for food production
are enormous and not easily transported. Instead of transferring water, societies trade food commodities or
acquire large tracts of agricultural land to produce food in other regions of the world. Thus, food trade and
large-scale land acquisitions (LSLAs) are associated with a virtual transport of the water used for crop production (Hoekstra & Chapagain, 2008). The notion of “virtual water” was developed (Allan, 1998) to stress that this
water is not physically present in commodities; it is the water cost of their production, which is similar to the
concept of the water footprint (see Box 6). Thus, food trade corresponds to an exchange of virtual water.
Recent studies have shown that virtual water trade has more than doubled since the mid-1980s (Figure 20;
Carr et al., 2013). Globally, about 24% of the water used for food production is traded (Table 1). Because about
10% of precipitation over land masses or 16% of terrestrial evapotranspiration is used by agro-ecosystems
(Table 1), virtual water trade accounts for about 2.4% of precipitation over land and 3.8% of terrestrial evapotranspiration, a nontrivial amount of water. Recent studies have shown that virtual water trade accounts for
11% of the global depletion of groundwater. In other words, 11% of the nonrenewable use of groundwater
resources worldwide is due to exports, particularly from Pakistan, India, and the United States (Dalin et al., 2017).
Overall, food security strongly depends on virtual water transfers (Figures 20 and 21; Suweis et al., 2013).
Through the intensiﬁcation of trade, some regions have become strongly dependent on food produced with
water resources they do not control because they are located elsewhere (Chapagain & Hoekstra, 2008; Konar
et al., 2011). Such a globalization of water resources has been escalating since the 1980s (Carr, D’Odorico,
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Figure 21. Global patterns of virtual water trade. Countries in pink are net importers, and countries in purple are net importers (after Carr & D’Odorico, 2017).

Laio, & Ridolﬁ, 2012; Carr et al., 2013; Dalin et al., 2012), and its implications on food and water security have
just recently started to be appreciated (see section 10.2).
9.1.3. Virtues and Vices of Virtual Water Trade
Recent work has stressed the pros and cons of trade. Through virtual water trade, local food demand can be
met even in water-scarce regions without engendering famine, conﬂict, or mass migration (Allan, 1998, 2001);
this often occurs at the expense of societal resilience and environmental stewardship while generating environmental externalities (Carr et al., 2013; D’Odorico et al., 2010; Suweis et al., 2013). The possible implications
of the globalization of water for food and energy security remain overall poorly understood, and it is unclear
whether trade will generally act as a buffer against, or an intensiﬁer of, vulnerability for nations relying on
food imports. On one hand, trade can allow countries to maintain populations greater than would be supported by local natural resources (e.g., Suweis et al., 2013) and can act as a stabilizer when local production
conditions are variable. On the other hand, this can leave importing countries more exposed to economic
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and/or environmental shocks that occur beyond their borders and
beyond their direct control (e.g., D’Odorico et al., 2010; Oki et al.,
2017; Puma et al., 2015; Suweis et al., 2015). In some developing countries, imports of underpriced or subsidized agricultural products may
threaten local subsistence farmers and disrupt their systems of agricultural production and livelihoods, with the effect of increasing trade
dependency (Hoekstra, 2013). In the wake of the 2007/2008 global food
crisis, it became clear that trade-dependent resource-scarce countries
in particular continue to have a limited capacity for absorbing shocks
to the food system (e.g., Fader et al., 2013; Suweis et al., 2013; see
section 10.2). At the same time, it has been shown (section 9.1.4) that
trade may partly reduce inequalities and injustice in the access to water
for food production (Carr et al., 2015; Seekell et al., 2011).
9.1.4. Inequality and Injustice in Access to Freshwater Resources
Populations and natural resources (e.g., water, minerals, and arable
Figure 22. Effect of the redistribution of virtual water through trade on inequalland) are unequally distributed across the globe (Carr, D’Odorico, Laio,
ity in access to water (including virtual water). Solid line, only water for domestic
Ridolﬁ, & Seekell, 2012; Carr et al., 2015; Kummu & Varis, 2011; Seekell
production; dashed line, water for domestic production + virtual water trade
et al., 2011). Trade across all spatial scales provides a mechanism by
(after Carr et al., 2015).
which actual and/or virtual resources are redistributed, thus changing
inequality patterns with regard to any given resource. Note that, as resource and population distributions vary
across spatial scales, inequality also occurs across local, subnational, and international scales. Geographic conditions and climate dictate the natural distribution and local access to water resources, with potential a virtual
transfer and redistribution of those water resources via trade of industrial and agricultural products (Allan,
1998). This unequal distribution and redistribution of resources is not necessarily unjust, and while trade
and/or human migration affects inequality in the distribution of water resources (Carr, D’Odorico, Laio,
Ridolﬁ, & Seekell, 2012; MacDonald et al., 2015; Reuveny, 2007), unless they affect the fulﬁllment of human
rights, they may not necessarily impact injustice (Carr et al., 2015). However, the distribution and redistribution
of livelihood is dependent on natural resources (water and food) and populations and thus inherently contains
ethical considerations. The UN (Article 11, General Comment 12, and General Comment 15 of the International
Covenant on Economic, Social and Cultural Rights) acknowledges that water for domestic use and agriculture
is a human right (see section 5.4). This human right to water can be related to the distribution and redistribution of water resources and populations, thus providing some framework by which to assess justice or injustice
in water use for food, at least at a national scale (Carr et al., 2015, 2016). Within a nation, inequalities are related
to poverty, conﬂict, and subnational distribution networks (Barrett, 2010; Misselhorn, 2005). Even cultural food
preference and lifestyle can play a role (Barrett, 2010; Prentice & Jebb, 1995). Thus, water use for food is linked
to human dietary requirements and sources of staple food commodities (proteins, fats, and calories), which
typically are impacted by social, cultural, and political inﬂuences (Gerten et al., 2011).
Various metrics are available to measure inequality, such as entropy and indicators of variability (e.g., the
coefﬁcient of variation), but the Gini coefﬁcient is commonly used (Gini, 1936). The Gini coefﬁcient ranges
between 0 and 1 and measures the extent to which the current distribution of resources differs from an egalitarian distribution (e.g., with 10% of the global population having access to 10% of the resources). Inequality
in water use for food production alone has increased over time; however, subsequent trade of food products
overall acts to reduce inequality (Figure 22). Carr et al. (2015) note that roughly three quarters of the virtual
water ﬂows are among water-rich nations and do not reduce inequality. Interestingly, some nations trade in
such a manner that it increases inequality and reduces per capita water use relative to well being and malnourishment thresholds (Carr et al., 2015). Although the impact of individual trade links on inequality can
be determined (Carr et al., 2016), other changes, such as reductions in food waste (Kummu et al., 2012) or
shifts to more water efﬁcient sources of dietary proteins (Gephart et al., 2014; Jalava et al., 2014), can play
a large role in ameliorating the impact of inequalities in water use for food.
9.1.5. Drivers of Virtual Water Trade
Many drivers controlling the ﬂow of virtual water have been explored, from GDP and rainfall on arable land
(Suweis et al., 2011) to geographical distances (Tamea et al., 2013). By exploring the impact of multiple factors, such as embedded water, population, GDP, geographical distance, arable land, and dietary demand,
the main drivers of virtual water ﬂow appear to be GDP, population, and geographical distance with a
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nonnegligible effect of exporter production (Tamea et al., 2014). Subsequent work has leveraged this information to explore both link and ﬂux predictions, population, geographical distance, and GDP strongly controlling link activation and the ﬂuxes along those links (Tuninetti et al., 2016). Econometric analyses have
been used to investigate the extent to which water is a source of comparative advantage (Debaere et al.,
2014), in addition to the classic factors (i.e., labor, capital, and land, Wichelns, 2001, 2004) typically considered
by international trade theories. Virtual water was found to be a moderate source of comparative advantage
with water-rich countries exporting more water-intensive products (Debaere et al., 2014).
9.2. Evidence of Possible Water Limitations on Population Growth and the Effect of Trade
Whether the planet Earth will be able to feed the growing human population has been the focus of an
ongoing debate lasting more than 200 years (see Box 1). Water availability is expected to become increasingly crucial to food security and human welfare under the increasing demographic pressure (e.g.,
Falkenmark & Rockström, 2004; Gleick, 2003). Projections of population growth coupled with predictions of
water availability and agricultural productivity have highlighted the manner in which humankind might
run out of water for food production in the next few decades under a variety of climate change and land
use scenarios (e.g., Foley et al., 2011; Rosegrant et al., 2001). Thus, new strategies are urgently needed to avoid
new severe global water and food crises (see section 11).
Current demographic theories (Box 1) rarely consider the scarcity of resources, such as water, as a limiting
factor for population growth (Lee, 2011). However, in some regions of the world the local limits to growth
have already been exceeded (Allan & Allan, 2002). Several countries already consume more food than
allowed by locally available freshwater resources. This is possible because the water-poor countries rely on
the import of food and virtual water from other nations. Thus, the limits to population growth (or carrying
capacity) depend on the local water resources and virtual water/food trade. The temporal dynamics of population, local carrying capacity, and posttrade carrying capacity can be used to investigate country-speciﬁc
changes in trade dependency, self-sufﬁciency, and the extent to which local self-insufﬁciencies can be successfully addressed by trade (Porkka et al., 2017). Future projections of the increasing demand for water
resources under climate change and population growth scenarios (Ercin & Hoekstra, 2014) require a better
understanding of how food production, human diets, and international virtual water trade are expected to
change in the decades to come. Recent studies have provided some preliminary insights into future trajectories of water demand and international virtual water trade (Ercin & Hoekstra, 2014; Konar, Reimer, et al.,
2016a; Sartori et al., 2017; Zhou et al., 2016).
For countries importing food, trade has the effect of increasing the carrying capacity (i.e., the maximum population that can be supported by the available resources). In this case, the long-term trajectory of population
growth needs to account for such an increase in carrying capacity, as shown by Suweis et al. (2013) with a simple logistic model of population dynamics (Figure 23). In other words, the populations of importing countries
are relying on virtual water imports for their long-term trajectory of demographic growth (Figure 23). The
opposite is not true, however, for countries exporting food. In fact, there is no evidence of their carrying capacity being reduced because of trade (Suweis et al., 2013). An analysis based on demographic, crop production,
and trade data has shown that in exporting countries the long-term trajectory of population growth tends to
converge to a carrying capacity calculated on the basis of local water resources without accounting for the fact
that part of those resources are presently contributing to virtual water exports (Suweis et al., 2013). This ﬁnding means that importers and exporters are counting for their long-term growth on the same pool of virtual
water resources (Suweis et al., 2013). This unbalanced situation could eventually lead to export reduction,
which will likely impede the import-dependent countries from meeting their water (and food) demands.
Some major exporting countries have already reduced their exports in response to spiking food prices during
the food crises of 2007–2008 and 2011 (see section 10.1.1 and Fader et al., 2013). These results highlight a global water unbalance and point out the long-term unsustainability of global food and virtual water trade.
Unless new freshwater resources become available or investments in a more water efﬁcient agriculture are
made, trade-dependent populations will experience major water stress conditions (Suweis et al., 2013).
9.3. International Investments in Agricultural Land and Water Resources
The globalization of food emerges from international investments, particularly the acquisition of agricultural
land (Rulli & D’Odorico, 2014). In recent years (2004 to present) large scale land acquisitions (LSLASs) have
escalated, especially in the developing world (Anseeuw et al., 2012; Cotula, 2013a, 2013b; International
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Figure 23. Population dynamics in net exporter (in blue) and net importer/trade-dependent countries. The blue lines are
demographic growth trajectories of a logistic model with posttrade carrying capacity (i.e., after having accounted for trade),
and the green lines are trajectory with local carrying capacity (i.e., without accounting for trade). The red lines are data
points from demographic records. In trade-dependent countries demographic growth follows the posttrade carrying
capacity (i.e., relies on trade), and in exporter countries, it follows the local carrying capacity (i.e., it does not account for
exports; from Suweis et al., 2013).

Land Coalition, 2011). The number of new foreign land acquisitions has radically increased since 2008;
estimates of acquisitions exceed 40 million hectares of arable land globally (Anseeuw et al., 2012; Nolte
et al., 2016). Investors include foreign agribusiness ﬁrms, domestic corporations, mixed domesticinternational ventures, and foreign governments, as well as retirement funds (Cotula, 2013a, 2013b;
Kugelman & Levenstein, 2013; Robertson & Pinstrup-Andersen, 2010). The investors acquire land for
agriculture, forestry, mining, and conservation (Fairhead et al., 2012; Klare, 2012; Matondi & Mutopo, 2011)
in the form of purchases, leases, government concessions, licenses, or permits. Agricultural land is used for
staple and cash crops, and biofuels. In most cases, however, the land is acquired but not put under any
productive use (e.g., Kugelman & Levenstein, 2013).
LSLAs have been at the center of a heated debate: Supporters of LSLAs maintain that foreign direct investments bring about opportunities for the economic development of target countries (e.g., employment, infrastructure, technical knowledge, and access to markets) with good proﬁts for the investors’ businesses (e.g.,
Chakrabarti & Da Silva, 2012). There are, however, serious concerns about the impact that this appropriation
of land and land-based resources could have on rural livelihoods, economic development, food security, and
access to water in local communities affected by land acquisitions (Borras Jr & Franco, 2010; De Schutter,
2011; Rulli et al., 2013; Von Braun & Meinzen-Dick, 2009).
Promoters of LSLAs may argue that the land was previously unused “virgin land,” dismissing the important
role played by that land for the provision of a number of ecosystem services, such as fuelwood, timber, bush
meat, livestock grazing, and wildlife habitat (D’Odorico, Rulli, et al., 2017). Local communities lose access to
the land and its products, thereby engendering social tension, conﬂict, migrations, and forced evictions
(Adnan, 2013; Feldman & Geisler, 2012; Siciliano, 2014).
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Figure 24. Water and food appropriation associated with land acquisitions (from D’Odorico, Rulli, et al., 2017).

9.3.1. Implications for Food Security, Rural Livelihood, and the Environment
The implications for food security are important, particularly if the land was previously used for agriculture by
the local populations. In fact, with some exceptions, the crops produced on the acquired land are typically
exported and sold on the global market (e.g., Lisk, 2013). It has been estimated that the food crops that land
investors plan to cultivate on the acquired land could feed about 300–550 million people, which corresponds
to about 30–50% of the undernourished global population (Figure 24). These numbers are concerning
because most countries targeted by land investors are affected by undernourishment. This phenomenon
establishes long-distance teleconnections and interdependencies between crop production areas and global
demand (Rulli & D’Odorico, 2014). On the receiving end, the globalization of food markets and the vulnerability and exposure to food crises and climatic shocks (Marchand et al., 2016; Seekell et al., 2017) make transnational investments in agricultural land a strategic food security priority in order to gain resilience through
diversiﬁcation of the agricultural regions that importer and investor countries rely on. Interestingly, most target countries are endowed with productive agricultural land that in some regions require relatively small
amounts of irrigation water (Figure 24) and are not affected by aridiﬁcation under climate change scenarios
(Chiarelli et al., 2016).
As small-scale farming is the most prominent system of food production globally, LSLAs and expansion of
commercial agricultural models are producing a global agrarian transformation that has radical societal implications in the target regions. As noted in section 11.1, there is evidence that most of the world’s rural populations depend directly on natural resources and local land for self-subsistence (Godfray et al., 2010;
International Assessment of Agricultural Knowledge, Science and Technology for Development (IAASTD),
2009; Wily, 2011). Moreover, the major share of land small-scale farmers rely on is governed by traditional,
customary, and indigenous systems of common property. In sub-Saharan Africa, for example, it has been calculated that 70% of this land can be categorized as customary common property (Deininger, 2003; Wily,
2011).Transnational LSLAs impact the property access and use of land by traditional users with evidence that
traditional systems of common property are most affected (Dell’Angelo, D’Odorico, Rulli, & Marchand, 2017).
The societal implications of this agrarian transformation include a variety of critical problems (D’Odorico, Rulli,
et al., 2017), such as dispossession of traditional users and systems of production (D’Odorico & Rulli, 2014; De
Schutter, 2011), evictions and forced migrations (Adnan, 2013; Feldman & Geisler, 2012; Siciliano, 2014), ethical concerns related to violations of human and land tenure rights (Anseeuw et al., 2012; Toft, 2012) with particularly negative impacts on women (Behrman et al., 2012; White, 2012), rise in social conﬂicts and dynamics
of coercion (Dell’Angelo, D’Odorico, Rulli, & Marchand, 2017), and multidimensional impacts on rural livelihoods in developing countries (Davis et al., 2014a; Oberlack et al., 2016).Through LSLAs, land can be put
under productive use to the beneﬁt of investors and local communities, arguably (De Schutter, 2011),
because of “trickle down” effects on employment, and access to modern technology and markets (e.g.,
Chakrabarti & Da Silva, 2012). An often overlooked impact, however, is the land degradation and land use
change associated with large-scale land investors (e.g., D’Odorico, Rulli, et al., 2017). In fact, forests and savannas may be cleared to accommodate new mines or farmlands (D’Odorico, Rulli, et al., 2017). Several studies
have found that in Indonesia and Cambodia LSLAs are a preferential mechanism for deforestation, with rates
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of forest loss exceeding those in similar adjacent areas outside land concessions (Carlson et al., 2012; Davis,
Yu, Rulli, et al., 2015). In other regions of the world, the effect of land acquisitions on forest loss can be indirect. For instance, for Brazil, Hermele (2014) reports that acquired land often replaces pastures with cropland,
with herders and ranchers then encroaching on forested areas to ﬁnd new grounds for livestock grazing.
9.3.2. Water Appropriation and Water Grabbing
The recent escalation in international investments in land has substantial hydrological implications (Rulli
et al., 2013). Among the studies on LSLAs and land grabbing, an alternative hypothesis has developed: what
if the main driver of the contemporary global land rush were the need for water rather than for land? (Allan
et al., 2012; Franco & Borras Jr, 2013; GRAIN, 2012; Mehta et al., 2012; Skinner & Cotula, 2011; Woodhouse,
2012a, 2012b). Dell’Angelo et al. (2018) have described a “global water grabbing syndrome” to take into
account the increasing dynamics of freshwater appropriation occurring as a result of globalization. A fundamental mechanism of transnational water appropriation is associated with large-scale land investments in
agriculture. Studying the issue of land acquisitions through hydrological analytical tools provides insights
into contemporary hydropolitical trends. Tools such as water footprints and virtual water transfer applied
to the study of transnational land investments show that globalization dynamics strongly affect the water
resources of developing countries (Breu et al., 2016; Rulli et al., 2013; Rulli & D’Odorico, 2013). Rulli and
D’Odorico (2013) estimate that LSLAs account for the appropriation of about 0.4 × 1012 m3 (Figure 24).
The global assessment of appropriation of water through large-scale acquisition, which was deﬁned as global
water grabbing, quantiﬁed the amount of water appropriated for crop production from acquired land and
evaluated potential effects on food security in the countries affected by these investments (Rulli et al.,
2013; Rulli & D’Odorico, 2014). The term “water grabbing” has also been used to identify the direct and
immediate physical appropriation and diversion of local water resources. Mehta et al. (2012:197) deﬁne water
grabbing as “a situation where powerful actors are able to take control of, or reallocate for their own beneﬁts,
water resources already used by local communities or feeding aquatic ecosystems on which their livelihoods
are based.” This general deﬁnition can be applied to a variety of different socioenvironmental and political
processes of water appropriation besides LSLAs (Torres, 2012), for example, mining (Sosa & Zwarteveen,
2012), water withdrawals for hydropower (Islar, 2012; Matthews, 2012), and other forms of diversion of water
for industrial uses (e.g., for coal plant refrigeration; Wagle et al., 2012).
9.3.3. Socioenvironmental Impacts of Water Grabbing
Several negative social and environmental consequences of water grabbing dynamics have been discussed
in the literature. Environmental problems associated with water grabbing range from biodiversity loss, as in
hydropower development in the Mekong River basin (Matthews, 2012), to issues of direct contamination of
drinkable water as a result of intensive agriculture in Kenya (Arduino et al., 2012). From a social perspective,
issues such as loss of agricultural self-subsistence capacity, dispossession, marginalization of indigenous communities, forced migrations, impoverishment, and disappearance of cultural practices have also been investigated (Mehta et al., 2012). Other studies speciﬁcally address the direct impacts of water grabbing on
problems associated with increasing water competition, reduction of water availability, and increased limitations to water access in rural communities (Bossio et al., 2012; Duvail et al., 2012; Wagle et al., 2012).
Nevertheless, these affected users and groups are not passive; in many instances they are capable of collective re-action and self-organization. Rodríguez-Labajos and Martínez-Alier (2015) describing a conceptual
map and a synthesis of water conﬂicts globally, illustrate how in many cases social movements born in conﬂictive contexts developed innovative propositions and modalities for alternative water governance principles, values, and approaches.

10. Resilience in the FEW Nexus
A key issue at the origin of the FEW nexus concept was the need to maintain food, energy, and water security
in the face of competition among components of these systems and different global-change pressures
(Bazilian et al., 2011; Bigas, 2013; Bogardi et al., 2012). Resilience in the FEW nexus therefore entails the ability
of interacting food, energy, and water systems to cope with different pressures in order to maintain food,
energy, and water security (Figure 1). This section focuses particularly on the importance of food security.
The deﬁnition of food security adopted by the FAO speciﬁes that food availability, access, and adequacy
requirements (see Box 1) need to be met “at all times”: Human beings cannot remain without food or with
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unsafe/inadequate food even for short periods of time. Although the demand for food products would be
expected to be relatively inelastic (in the sense that the total food demand is inelastic, though the composition of food consumption may change, e.g., Adreyeva et al., 2010), the supply undergoes ﬂuctuations as a
result of natural and anthropogenic factors (e.g., Ben-Ari & Makowski, 2014; Calderini & Slafer, 1998; Carter
et al., 2011). Food systems need to be resilient to a variety of shocks operating at different scales that could
affect either food production or availability, such as extreme weather, pest outbreaks, market crises, failing
institutions, and political conﬂict (e.g., Misselhorn et al., 2012; Schipanski et al., 2016). These pressures can
ricochet through food trade systems, including export restrictions imposed by key producing countries to
address concerns over domestic shortfalls in production (Headey, 2011; Puma et al., 2015). Systems of production therefore need to be robust and either recover after these shocks or adapt to them to be able to deliver food in sufﬁcient amounts with nutritionally adequate quality and affordable prices (Timmer, 2000).
The study of the resilience of food systems should involve the environmental, institutional, economic, and political dimensions of food security and examine how they can affect agricultural production, food trade, and price
dynamics to determine the availability, accessibility, and adequacy requirements of food security (Box 1). Such an
approach has been attempted by some partial equilibrium trade models (e.g., the International Model for Policy
Analysis of Agricultural Commodities and Trade by the IFPRI) developed to support policymakers in reducing
poverty and hunger (e.g., Godfray et al., 2016). Other models have been developed to investigate the short-term
response to shocks (e.g., Puma et al., 2015; Tamea et al., 2016; D’Amour et al., 2016; Gephart, Rovenskaya, et al.,
2016; Marchand et al., 2016). These models do not invoke equilibrium conditions, which could be hard to attain
in the short-term response to an abrupt production shock. Rather, they rely on a simple set of rules (conservation
of mass, meeting domestic demand before addressing importers’ needs, and reducing exports before increasing
imports) to show the spread of a perturbation through the global system of production and trade (Marchand et al.,
2016). Other approaches invoke the general resilience theory (Fraser et al., 2015; Walker & Salt, 2006, 2012) to
evaluate the effect of a variety of factors that are known to affect resilience in socioenvironmental systems, such
as reserves or other types of redundancy, diversity (particularly response diversity and diversiﬁcation of food
sources), variability, openness, connectivity, and modularity in trade networks, social capital (e.g., trust, leadership,
information sharing), and adaptive governance. To date, only some of these factors have been investigated in the
context of food security because the multiscale nature of the problem and difﬁculty in quantifying some aspects
of the food system present a tremendous challenge.
10.1. Redundancy and Reserves
In classic resilience theory, a system that is redundant is more resilient because in case of shocks (e.g., a drop
in production or reduced access to food markets) other resources are still available to meet everyone’s food
needs at all times.
10.1.1. Excess in Production
A classic example of redundancy is the existence of an excess of production in various regions around the
world. In case of shock, it is possible to meet the local demand by importing food from those regions. The
intensiﬁcation of trade and the consequent increase in trade dependency on a regular basis (i.e., not only
in conditions of crisis) has reduced redundancies, thereby eroding societal resilience (D’Odorico et al.,
2010). Thus, in an interconnected world, the dependence on international trade has increased while the resilience of the food system has decreased to the point that local deﬁcits in crop production have led to global
food crises. Global food crises were observed in 2008 and 2011 for the ﬁrst time after decades of abundance.
In those years, crop failure induced by extreme environmental conditions in major food producing regions of
the world led to an increase in crop prices (e.g., Barrett, 2013), an effect likely ampliﬁed by human factors,
such as commodity speculation and fear. The rising food prices strongly affected access to food by the poor
(e.g., Brown et al., 2012). To contain such a price escalation, some major exporting countries issued export
bans that left import-dependent countries in a state of food insecurity (Brown et al., 2012; Fader et al.,
2013). Thus, the globalization of food through trade and the consequent intensiﬁcation of trade dependency
may reduce the resilience of the food system because markets could fail for economic (i.e., unaffordable food
prices) and political (e.g., export bans) reasons.
10.1.2. Biophysical Redundancies
In the longer run other redundancy factors could contribute to resilience. For instance, the presence of
untapped resources, such as land and freshwater, would allow for an increase in crop production during a
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period of prolonged crisis, assuming that the institutions are well equipped to facilitate adaptation in the
agricultural sector. Thus, the presence of underperforming agricultural land with relatively big yield gaps,
the availability of unutilized freshwater resources to close those gaps, and the possibility of sustainably
expanding the cultivated land are all examples of biophysical redundancies that could be used in the midterm response to shocks in the food system. In other words, biophysical redundancy accounts for unused biotic and abiotic environmental resources and represents a form of “stand-by redundancy,” whereby some
spare resources are idle and will be taken into the production in case of failure in other parts of the food system. It has been estimated that the biophysical redundancy of 102 out of the 155 countries included in a
recent study (Fader et al., 2016) has decreased in the last two decades. In 75 of these countries, the biophysical redundancy is not sufﬁcient to feed 50% of their population that, collectively, accounts for 4.8 billion
people (i.e., 70% of the global population; Fader et al., 2016). The notion of biophysical redundancy has some
clear limitations because some of the idle or unused resources play an important environmental role for the
provision of habitat for pollinators and other species, water puriﬁcation, and other ecosystem services that
are crucial to agriculture and human well being. As noted in section 11, agricultural expansion often comes
at huge environmental cost in terms of land use change, habitat loss, carbon emissions, and species extinction. Thus, yield gap closure (also included in the notion of biophysical redundancy) appears to be a better
response to shocks in the system than agricultural expansion. However, both putting additional land under
the plow and closing the yield gap are measures that can occur only in the middle to long term and are not
quick responses to crises; both measures require capital, technology, and knowledge that are not equally distributed among countries.
10.1.3. Crop Diversity
Redundancy can be realized through crop diversity. The ecological literature has stressed how a highly
diverse ecosystem can be highly resilient because the ecosystem is likely to include more species that perform the same ecosystem functions but are differently sensitive to environmental conditions (response diversity). Thus, when a species is stressed, others would be able perform the ecosystem function (Walker et al.,
2006). Known as insurance hypothesis (Naeem & Li, 1977), this idea strongly inspired the Millennium
Ecosystem Assessment (2005) and has been extended to agroecosystems using crop diversity indicators
(Seekell et al., 2017).
10.1.4. Food Reserves
The most obvious form of redundancy is represented by food stocks, which have been used to mitigate the
effect of crop failure and famine since biblical times. These reserves are accumulated in years of plenty and
used in years of scarcity, thereby making the food system more resilient (Adger, 2006; Fraser et al., 2015).
Despite this very intuitive understanding of the dynamics of food stocks and of the role they play in the
national and global food security, these reserves can be difﬁcult to manage because of technical problems
related to storage and preservation and because of their effects on supplies and prices (Lilliston & Ranallo,
2012; Von Braun, 2007). Food stocks can be established at the farm, national, or regional scale and managed
with different goals, including food security (World Bank, 2012), price stabilization (Wiggins & Keats, 2009,
2010; Wright, 2011; Wright & Caﬁero, 2011), food aid, and ﬁnancial speculations (i.e., buy grain when it is
cheap and sell it when prices skyrocket; Von Braun, 2007). Recent studies (Laio et al., 2016) have shown that
over the last few decades (1961–2011) regional and global per capita food reserves have remained stationary,
despite a widespread concern that food stocks might be shrinking (Brown, 2013). However, it has been estimated that the global per capita stocks could be halved by 2050 (with 20% probability). There are some interesting regional differences: while Western Europe, North Africa, and the Middle East keep smaller and less
volatile (hence, with lower probabilities to be reduced by 50%) per capita food stocks, North America and
Oceania have bigger and more volatile (higher having probabilities) per capita stocks. In sub-Saharan
Africa per capita food reserves are smaller and more volatile (i.e., with a relatively high halving probability),
which indicates an overall higher food insecurity (Laio et al., 2016).
10.1.5. Economic Redundancies
Studies on famines and deprivation have highlighted that, during many food crises, the problem has been
the lack of access to food rather than lack of food (Sen, 1981, 1982). Loss of economic access is often induced
by spikes in food prices that prevent the poor from having sufﬁcient ﬁnancial resource to buy food. Because
more wealthy segments of the population are in a better position to buy food, wealth can give a household or
a country the ability to cope better with food crises. In other words, the wealth of individuals or of entire
countries may be used as an indicator of economic resilience. To this end, Seekell et al. (2017) suggest
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using a country-speciﬁc indicator deﬁned as the ratio between the income of the lowest quintile of the population (the focus here is on whether the poor will be able to buy food) and food cost in same country. This
ratio is not constant because afﬂuent societies are known to spend only a small fraction of their income on
food (Engel’s law).
10.2. The Effect of Globalization and Connectedness Through Trade
The resilience of the food system is affected by the globalization of food through trade (D’Odorico et al., 2014;
Porkka et al., 2013). The effect of import dependency and interconnectedness of the food system is difﬁcult to
evaluate because we are dealing with a complex system that is undergoing transient growth (population
growth, production trends, an increase in the number of trade partnerships) and is prone to shocks from
environmental and socioeconomic drivers.
A quantitative approach to investigate the long-term ability of the system to recover from shocks or perturbations is based on the theory of dynamical systems, Lyapunov stability, and exponents (Lyapunov, 1992;
Strogatz, 2014). In this framework, the dynamics are expressed through a set of coupled differential equations
that can be linearized typically around either a steady state or a dynamic equilibrium. The linear stability analysis is typically used to determine whether the perturbation is in the long run ampliﬁed or damped, in other
words, whether the system is stable and to what extent in the long run it is able to recover from perturbations
(i.e., resilience). This approach was adopted by Suweis et al. (2015), who studied the stability of the coupled
global food–population dynamics within a network whose nodes and links represent the countries of the
world connected by trade. At each node, the population dynamics are expressed by a demographic logistic
model with carrying capacity that depends both on domestic food production and trade patterns (Suweis
et al., 2015). The resilience of these dynamics directly depends on the globalization of food through trade,
including the amount of food traded, the number of links describing trade between countries, and the topological properties of the trade network. Using reconstructions of food production and trade based on FAO
data (FAOSTAT, 2013), this analysis shows that in the past few decades the system has become increasingly
vulnerable to instability (i.e., less resilient) as an effect of demographic growth, dietary shifts, and the increasing interconnectedness of the trade network. Indeed, some nodes (i.e., countries) are starting to show the ﬁrst
episodic signs of instability, particularly in water-poor and trade-dependent countries (Suweis et al., 2015).
This analysis of the long-term response to shocks is in agreement with the short-term propagation of perturbations in the trade network during a food crisis (Marchand et al., 2016; Puma et al., 2015; Tamea et al., 2015);
both approaches have shown how the fragility of the coupled food-demographic system has increased as an
effect of the growing globalization of food through trade.
If trade and interconnectedness have the effect of reducing the resilience of the system as a whole, it is paramount to investigate to what extent it would be possible to globalize without becoming more vulnerable. A
possible solution of this problem is suggested by ecological systems, which often exhibit some degree of
modularity (Newman, 2006). There is evidence that systems with a modular structure—that is, with groups
of countries (modules) that interact more among themselves than with countries from other modules—are
able to contain the spread of perturbations within the targeted module, whereas the other modules remain
only marginally impacted (May et al., 2008; Stouffer & Bascompte, 2011). In other words, the modules act
directly to buffer the propagation of shocks (i.e., crises) to other communities, thereby increasing the stability
and resilience of the entire system (Gilarranz et al., 2017; Walker & Salt, 2006). Interestingly, the virtual water
trade network exhibits a growing degree of modularity with a ratio between internal and external (i.e.,
between communities) ﬂuxes that is approaching 70% (D’Odorico et al., 2012). To date, however, the effect
of modularity still needs to be investigated in the context of the resilience of trade and food security.
An alternative approach to understand the impact of virtual water trade on population growth is through carrying capacity plots (Porkka et al., 2017), which distinguish different strategies and their success by showing
the historical evolution of a region or population’s local food supply potential and (observed) net food
imports relative to their local and posttrade carrying capacity. Porkka and collaborators conﬁrm that food
import is the strategy nearly universally used to overcome local limits to growth. Nevertheless, they also highlight that these strategies are implemented to varying extent and with varying success (Porkka et al., 2017).
Therefore, whether dependency on imports is necessary and desirable, a clear policy priority at both local and
global scale is needed and it ideally would attempt to keep the demand of food under control (e.g., further
improvements in food supply, Jalava et al., 2014, 2016, and/or reduce food loss and waste, Jalava et al., 2016;
Kummu et al., 2012).
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11. A Look Into the Future
There is wide agreement that humanity’s rate of resource use exceeds what can be sustainably generated
and absorbed by Earth’s systems (Galli et al., 2014; Hoekstra & Wiedmann, 2014; Rockström et al., 2009;
Steffen et al., 2015; Wackernagel et al., 2002; see also Box 1). Substantial uncertainty persists for an apparently
basic question—by how much is food demand likely to grow in the coming decades—with estimates typically ranging from a required 60% to 110% increase by the year 2050 over circa year 2005 levels
(Alexandratos & Bruinsma, 2012; FAO, 2009a; Tilman et al., 2011). More recently, Hunter et al. (2017) estimated
that an increase in cereals production of 25–75% over 2014 levels could be sufﬁcient to satisfy projected
demand in 2050. The breadth of future GHG emissions trajectories—and the magnitude of their cascading
consequences for agricultural productivity—leaves considerable unknowns regarding future food production under a changing climate (Rosenzweig et al., 2014). A radical transformation of the global food system
is likely required in order to increase production while faced with the considerable uncertainties related to
demand and climate impacts.
New strategies for achieving FEW security worldwide may beneﬁt from adoption of an integrated approach
aimed at an improvement in the availability, access, and nutritional properties of food while enhancing the
provision of affordable, clean, and reliable energy (e.g., based on solar energy, hydropower, or wind power).
Moreover, a secure FEW system will incorporate a sustainable use of natural resources, maintain environmental streamﬂows, and restore ecosystem services. The FEW system will need to invert the ongoing trend of
increasing vulnerability and enhance its resilience with respect to climate shocks, demographic growth,
and consumption trends.
The previous sections have highlighted the existence of several major challenges in this multiobjective strategy to food, water, and energy security. For instance, the sustainability of energy production can be
improved by increasing the reliance on renewable energy sources, which would decrease the rate of fossil
fuel depletion, reduce CO2 emissions, and consequently allow societies to improve their ability to meet climate change targets. Renewable energy sources based on biofuels, however, would claim huge volumes of
water and large expanses of land, thereby inevitably competing with the food system (section 6.1.4).
Moreover, biofuel production often entails direct and indirect land use change and associated GHG emissions, indicating that in the short term these energy sources might have a negative impact (a “carbon debt”)
on the environment (Fargione et al., 2008). Nonfuel-based renewable energy production (e.g., solar energy)
may also require substantial (though smaller) amounts of water and therefore compete with food crops in
water-stressed regions (section 6.1.7).
The increasing demand for food and energy by the growing and increasingly afﬂuent human population can
hardly be met with the limited land and water resources of the planet unless we transform the FEW system.
As noted in the previous sections, approaches focusing on ways to increase food and energy production
instead of curbing the demand would ignore the existence of limits to growth imposed by the natural
resources the planet can provide and are likely to achieve higher production rates at huge environmental
costs (e.g., land use change, freshwater withdrawals, and pollution), resilience losses (section 10), and
increased food insecurity for the poor. To be sure, there are still margins for increased production (Davis
et al., 2014b, 2016; Mueller et al., 2012) through improvements in efﬁciency, technological innovation, and
agroecologically efﬁcient farming systems, but these measures are likely to be insufﬁcient to meet long-term
global food and energy security needs (Falkenmark & Rockström, 2006; Godfray et al., 2010; Sachs, 2015). The
general pattern observed worldwide exhibits stagnating crop yields after decades of growth (Ray & Foley,
2013). There is the need for a complete rethinking of the FEW system to develop a comprehensive strategy
for food, water, and energy security, based on enhancing the production and moderating the demand (e.g.,
Bajželj et al., 2014). Although a conclusive answer to the question of how to sustainably meet the food,
energy and water needs of the rising and increasingly demanding human population is still missing, here
we review a number of new and old approaches and ideas that could contribute to future food, water, and
energy security. Such approaches can be, in general, technological (e.g., new water, energy, and food technology), cultural (e.g., based on environmental and health education), or institutional (e.g., through land
and water governance, or new agricultural, dietary, or energy policies).
11.1. Approaches to Increase Production
Large yield gaps, or the difference, between current and attainable yields still exist in many parts of the world,
particularly in sub-Saharan Africa (Mueller et al., 2012) and offer the potential to increase global production of
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Figure 25. Production-based approaches to meeting the increasing food demand.

major crops by as much as 58% under currently available technologies and management practices (Foley
et al., 2011). There is broad consensus that efforts to enhance crop yields on currently cultivated lands are
crucial for avoiding additional agricultural expansion (Figure 25), the consequences of which would be profound and undesirable for natural systems and functioning (Foley et al., 2011; Godfray et al., 2010; Tilman
et al., 2011). Agricultural intensiﬁcation, however, is not free of environmental impacts in that it contributes
to GHG emissions, freshwater and coastal water pollution, depletion of freshwater resources, and consequent
loss of aquatic habitat (e.g., Diaz & Rosenberg, 2008; Jägermeyr et al., 2017; Vitousek et al., 2009; Vörösmarty
et al., 2010).
In light of the environmental impacts of conventional intensiﬁcation, some scientists are advocating for an
approach to food security that relies on a “sustainable intensiﬁcation” of agriculture (Figure 25), which aims
to close the yield gap while minimizing the environmental impacts (Erb et al., 2016; Garnett et al., 2013;
Tilman et al., 2011). Moreover, as with historical yield trends, harvest frequencies have generally increased
through time, but many places with the potential to transition to double-cropping systems have yet to do
so (Ray & Foley, 2013). On the one hand, yield and harvest gap closure offers great promise for increasing
the food self-sufﬁciency of many developing nations (e.g., van Ittersum et al., 2016) because the areas with
the largest potential for production increases are those places that currently rely heavily on food imports
(FAO, 2013) and have some of the highest rates of projected population growth to midcentury (UN
Department of Economic and Social Affairs, 2015). On the other hand, these remaining yield gaps raise questions about how best to promote the diffusion of high-yielding crop varieties and agricultural technologies,
given that these agricultural advancements have yet to reach many places even 50 years after the start of the
green revolution (Pingali, 2012). Moreover, it is unclear whether additional inputs (e.g., irrigation water) are
adequately available in low-yield areas (e.g., Davis et al., 2016) and, if so, how to avoid their unsustainable use
(e.g., Pradhan et al., 2015). Thus, particularly with regard to nonmobile resources, such as land and water, it
will likely be essential to ensure that increases in production occur in places where and when natural
resources can support it (e.g., Brauman et al., 2016; Davis, Rulli, Garrassino, et al., 2017; Hoekstra et al.,
2012; Mekonnen & Hoekstra, 2016).
There are social, economic, and institutional factors that need to be accounted for while advocating for agricultural intensiﬁcation versus alternative farming approaches (Tscharntke et al., 2012). Most of the existing
literature on this subject has recognized the pros of yield (and harvest) gap closure as an alternative to agricultural expansion (Figure 25) at the expense of natural ecosystems (e.g., grassland, forests, or savannas), particularly in the tropics (Erb et al., 2016). “Land sparing” can, in many contexts, minimize habitat losses, land
degradation, CO2 emissions, and declines in biodiversity (e.g., Godfray et al., 2010; Naylor, 2011; Phalan
et al., 2011). This approach, however, is not a panacea because its profound social impacts have often been
overlooked by focusing on agrotechnological solutions without considering their effect on production systems, such as smallholder farmers (Tscharntke et al., 2012). Intensiﬁcation efforts require investments that
are increasingly made by large-scale agribusiness corporations, particularly in the developing world. Such
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investments may affect the system of production and its inputs, for example, through contract farming or out
grower schemes (Da Silva, 2005; Eaton & Shepherd, 2001) or land use, access, and tenure rights, as occurs for
LSLAs (Breu et al., 2016; Cotula, 2009; International Land Coalition, 2011), which are discussed in section 9.3.
Agricultural intensiﬁcation is most effective in countries where relatively large yield gaps still exist, such as
sub-Saharan Africa, while ensuring that new fertilizer and water are used in the most efﬁcient way possible
(e.g., West et al., 2014). To boost crop yields, investment in modern agricultural technology (irrigation infrastructure, machinery, fertilizers, and other inputs) is required, which many rural communities in lower-income
countries cannot afford. If neither local land users nor domestic investors (e.g., government agencies or commercial farming companies) are able to improve crop yields, in years of increasing crop prices, foreign corporations or foreign-domestic joint ventures are not likely to miss the proﬁt opportunities existing in
underperforming agricultural land (D’Odorico & Rulli, 2013). Indeed, recent years have seen a wave of investments in agricultural land in the developing world, with import-dependent nations seeking to increase the
pool of land and water resources under their control and targeted countries pursuing avenues to promote
rural development and agricultural technology transfers (Deininger, 2013). However, there is a growing body
of scientiﬁc and anecdotal evidence showing that the development and food security goals of these land
deals are often not achieved (e.g., GRAIN, 2012; Klare, 2012; Kugelman & Levenstein, 2013) and, instead, often
bring substantial social and environmental consequences (see, e.g., D’Odorico, Rulli, et al., 2017). Such land
deals ultimately may result in the displacement of subsistence or small-holder farmers by large-scale commercial agriculture, as well as the development of new agricultural land at the expense of savannas, forests,
or other ecosystems (e.g., D’Odorico & Rulli, 2014; Davis, Yu, Rulli, et al., 2015). Because most of the cultivated
land worldwide is managed by small-scale farmers (IAASTD, 2009), this ongoing shift in systems of production
may strongly reshape the agrarian landscape around the world with important impacts on rural livelihoods
because it increases the dependence on a volatile food market.
Thus, agricultural intensiﬁcation may be the result of important transformations in land tenure, farming systems, and livelihoods. Developing countries may enhance crop yields by introducing modern agricultural
technology while promoting greater efﬁciency in food production through a transition in their agricultural
sector toward commercial-scale farming. Commercial agriculture lends itself better to capital inputs from
investors and could result from LSLAs or other forms of investment, such as contract farming (agribusiness
corporations do not buy the land, but the crops, while facilitating access to technological inputs), or mixed
outgrower schemes (e.g., Da Silva, 2005). However, there could be negative impacts on rural communities
and their livelihoods because LSLAs may turn farmers into employees and increase their vulnerability to food
price volatility (e.g., De Schutter, 2011) The transition to large-scale farming, however, might be unnecessary:
small-scale farms, which account for most of the global calorie and nutrient production (Herrero, et al., 2017;
Samberg et al., 2016), can be very productive. There is evidence in the economic literature (e.g., Henderson,
2015; van Vliet et al., 2015) about the inverse relationship between farm size and productivity, meaning that
smallholder farmers, when provided with adequate inputs, may often achieve yields that outperform commercial, large-scale agriculture. Identifying mechanisms that support yield enhancements, technology transfers, and secure land tenure to these critical stakeholders is a key component of advancing global food
security, promoting poverty alleviation, and enhancing food system resilience.
Overall, intensiﬁcation typically requires the introduction of modern green revolution technology in areas
of the developing world in which relatively large yield gaps exist. This includes the development of
irrigation systems, application of fertilizers, and use of bioengineered crops and other biotechnologies
(e.g., Fedoroff et al., 2010), as well as the implementation of new farming systems (e.g., aquaponics
and hydroponics).
11.1.1. Biotechnology
Although the use of fertilizers and irrigation can reduce the gap between actual yields and the maximum
potential yields of existing crops, new advances in biotechnology can increase the maximum potential yields
by engineering crop varieties with improved “harvest index” (i.e., the ratio between the edible and total plant
biomass), water use efﬁciency, photosynthetic efﬁciency, or drought tolerance.
Between the 1960s and 2005 the green revolution has allowed for a 135% increase in crop yields worldwide
by intensifying production through irrigation, fertilizers, and improvements in the harvest index. In the next
few decades crop yields will have to keep increasing (doubling between 2005 and 2050) in order to meet the
increasing demand for agricultural products (Ort et al., 2015). This is a major challenge because, recently, crop
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yields have been stagnating after decades of growth (Ray et al., 2012). The analysis of factors limiting the
increase of crop yields shows that so far technological improvements aiming at the enhancement of photosynthetic efﬁciency (i.e., the efﬁciency with which plants capture and convert sunlight energy into plant biomass) have played only a marginal role in the increase of crop yields, and for most crop plants, the
photosynthetic efﬁciency is far below the biological limits (Ort et al., 2015). The next stage of the green revolution could use modern technologies from genetic engineering and synthetic biology to improve the
mechanisms of light capture, sunlight energy conversion, and carbon uptake and conversion (Dall’Osto
et al., 2017; Ort et al., 2015). For instance, in full sunlight conditions, most plants absorb more light than they
can use. To avoid damaging photooxidation from excess light, plants typically dissipate excess light as heat
(Berteotti et al., 2016). To improve efﬁciency, plants could capture less light or improve the way they respond
to changes in light availability resulting from variations in cloudiness (Kromdijk et al., 2016). Additional gains
can be obtained by developing crop varieties with improved water use efﬁciency, pest resistance, or temperature stress tolerance (e.g., Fedoroff et al., 2010; Way & Long, 2015).
Genetic engineering technology is commonly used to develop genetically modiﬁed organisms, including
new crop varieties. Unlike traditional breeding techniques and artiﬁcial selection for desired traits, transgenic
methods allow for more precise genetic modiﬁcations by inserting speciﬁc genes from other species to
improve crop performance (e.g., drought tolerance and insect and herbicide resistance). The use of transgenic crops in agriculture has been and still is at the center of a heated debate because of possible risks
and unintended consequences, including possible gene mutation, accidental activation of “sleeper” genes,
interactions with native plant and animal populations, and gene transfer (e.g., transfer of antibiotic resistance
and allergenic genes; Phillips, 2008). Other controversial points deal with intellectual property rights and the
control of the biotechnology corporations on the agricultural sector. A detailed analysis of this debate is
beyond the scope of this review.
11.1.2. Genetically Engineered Livestock
Transgenic methods, which have been extensively used to improve crop varieties (section 11.1.1), can be
adopted to induce genetic modiﬁcations in livestock species by inserting speciﬁc genes in organisms that
do not have a copy of those genes (e.g., Hammer et al., 1985). Research on transgenic pigs has focused on
the reduction of pollution from fecal phosphorus. Other studies have investigated mammary gland-speciﬁc
transgenic livestock to change the fat content in goat’s milk, reduce saturated fats in dairy products, and
improve disease resistance in lactating cows (e.g., resistance to mastitis, a disease affecting milk quality
and animal health; see Maga, 2005).
11.1.3. In Vitro Meat Production
As noted in section 2, the ongoing increase in meat consumption worldwide is challenging the agricultural
system. Livestock production uses roughly 30% of global ice-free terrestrial land and contributes to 18% of
global GHG emissions associated with deforestation, methane emission, and manure management
(Tuomisto & Teixeira de Mattos, 2011). It has been argued that the increasing demand for meat could be
met by culturing animal tissues in vitro in the lab, without having to raise livestock. These methods could
strongly reduce the carbon, land, and water footprints, as well as exposure to foodborne pathogens (e.g., salmonella, Campylobacter, Escherichia coli, and avian and swine inﬂuenza), and cardiovascular diseases (Post,
2012) by making healthier meat products. Moreover, in vitro meat production would address ethical concerns on animal welfare.
In his book “Thoughts and Adventures,” Winston Churchill (1932) predicted that “… Fifty years hence, we
shall escape the absurdity of growing a whole chicken in order to eat the breast or wing, by growing these
parts separately under a suitable medium…” (Post, 2012). Churchill’s prophecy is now about to become true.
In the last few decades scientists have developed methods to produce muscle tissue ex vivo (outside the
body of living organisms). Meat culture technology was initially developed for medical applications to produce insulin and implants. Three different approaches (Tuomisto & Teixeira de Mattos, 2011) have been used,
namely, stem cell isolation and identiﬁcation (stem cells turned into a speciﬁc cell type such as bone or muscle cells), ex vivo culture of cells taken from a live animal and put in vitro, or tissue engineering (e.g., based on
DNA engineering; Post, 2012).
Applications to the meat industry are facing some major challenges because, to be marketable, cultured meat
needs to look and taste like real meat. Thus, research on in vitro meat production is working on appearance,
texture, and taste to improve the resemblance to real meat. Today, only small amounts of meat have been
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produced in vitro and served in a handful of restaurants in the United
States. It has been estimated that, compared to meat from livestock
production, cultured meat allows for substantial savings in land and
water resources, emits less GHGs, and uses less energy than ruminants
(Figure 26; Mattick et al., 2015; Post, 2012).
11.1.4. Aquaponics and Hydroponics
It is commonly believed that crop plants need soil, in addition to water,
nutrients, and light, for their growth. However, it is possible to grow
plants without soil but in water with adequate mineral additions.
Known as hydroponics, this technique can be used indoors and outdoors, in recirculating, as well as in ﬂow-through, systems. The main
Figure 26. Energy input, greenhouse gas (GHG) emissions, land use, and water
advantages of hydroponics with respect to soil cultivation is that plants
use of edible meat relative to the case of beef (data source: Tuomisto &
do not need to invest much in root growth to ﬁnd nutrients; they grow
Teixeira de Mattos, 2011).
faster and take less space. Moreover, hydroponics allows for more efﬁcient nutrient/fertilizer regulation. This technique, however, can be expensive when considering the cost of
the system, its maintenance, and energy requirements.
A more effective use of resources can be attained with a multitrophic system, known as aquaponics, that combines hydroponics with aquaculture. In other words, nutrient-rich water from ﬁsh tanks is used for plant growth
(Figure 27). This system is inspired by old agricultural practices, such as the introduction of ﬁsh in rice paddies or
the use of nutrient-rich ﬁsh-tank water for irrigation (e.g., Goddek et al., 2015). In aquaponic systems, ﬁsh produce nitrogen-rich waste that is mineralized by bacteria and taken up by plants (Figure 28). Thus, bacterial biomass and vegetation ﬁlter the water in the ﬁsh tank, thereby allowing for a recycling of water and minerals
(potassium (K) and P); this system turns waste products from aquaculture into nutrients for hydroponic production. In this sense, aquaponic is a good example of circular economy, as described in section 11.4.1. The main
limitation of this system is that it requires relatively large capital investment and skilled maintenance, and is
therefore more suitable for commercial farming than for subsistence agriculture in the developing world.
11.2. Sustainable Increase in Production Through Low-Technology Approaches.
The use of modern technology and the intensiﬁcation of agricultural production are often invoked as the
desired approach to meeting the increasing demand for crops without causing additional land use change
(Foley et al., 2011; Godfray et al., 2010). As noted repeatedly in the previous sections, the downside of this

Figure 27. Schematic representation of an aquaponic system.

D’ODORICO ET AL.

505

Reviews of Geophysics

10.1029/2017RG000591

approach is that it typically requires investments that rural communities in the developing world cannot afford (see section 11.1).
Therefore, in many cases agricultural intensiﬁcation might entail a transition from small-holder semisubsistence farming to large-scale
commercial agriculture.
11.2.1. Agroecology
An alternative approach to achieve food, water, and energy security is
offered by agroecology. Small-scale farming can capitalize on local
knowledge to attain relatively high yields without having to resort to
agribusinesses and their technology (e.g., Altieri et al., 2012). In recent
years, there has been a renewed interest in peasant agriculture and
its use of polycultures (Altieri & Nicholls, 2004), agroforestry, green
manure, compost turﬁng, and high-residue farming (Mitchell et al.,
2012), without adopting soil tillage or agrochemicals. These traditional
(agroecological) practices conserve soils, water, biodiversity, and ecological integrity, while favoring resilience. It would be impossible to
review here this rich body of literature but we will instead focus on
the signiﬁcance of these methods in the context of meeting the growing food demand.
It has been argued that a shift to agroecology can substantially increase
crop production (50–100% increase in rainfed yields) in a sustainable
Figure 28. The circular economy of aquaponic systems.
way and that small-scale peasant agriculture is not condemned to
achieve low yields as often assumed in the literature. Rather, there is
evidence that small family farms can be much more productive and resilient than larger ones (Altieri et al.,
2012). The use of polycultures in agroecology allows for the attainment of higher and more stable yields,
enhances economic returns, and favors diet diversity, while making more efﬁcient use of land, water, and
light resources (Altieri et al., 2012). Thus, small-scale farming with agroecological methods could contribute
to meeting the growing demand for agricultural products. Recent estimates indicate that about 525 million
small-scale farms exist around the world and provide a livelihood for about 40% of the global population
(IAASTD, 2009). However, the ongoing changes in the agrarian landscape worldwide entail the replacement
of small-holder agriculture with large-scale commercial farms. This transition can be related to a number of
factors, such as the globalization of agriculture through trade, LSLAs, better access to credit by commercial
farmers, differences in land tenure, use of agricultural subsidies in economically more developed countries,
and lack of protection of domestic production against subsidized foreign agricultural products (IAASTD,
2009). This transition has the effect of reducing the opportunities to use small-scale agroecological methods
as an approach to increase food availability.
11.2.2. Increasing Efﬁciency While Preserving Resilience
A continuation of current trends in production, consumption, and resource use is wholly unsustainable. There
is an urgent need to enhance food security without increasing the human pressure on the environment
(Figure 25). A current push in the literature is to identify solutions that minimize trade-offs across multiple
agricultural, environmental, and economic dimensions (see, e.g., Billen et al., 2015; DeFries et al., 2016; Erb
et al., 2016; Nelson et al., 2009). Some of this work has shown the potential to maintain or reduce current
levels of resource use while increasing crop production, thereby eliminating large inefﬁciencies in production
systems. One such study found that if nitrogen fertilizer was spatially distributed more efﬁciently, it would be
possible to increase cereal production by ~30% while maintaining current levels of nitrogen application
(Mueller et al., 2014). Likewise, it is possible to use different irrigation and soil management strategies to close
the crop yield gap by one half without increasing cropland area or irrigation use (Jägermeyr et al., 2016).
Other work showed that, by redistributing crops on the basis of their suitability, it is possible for the
United States to realize a modest water savings (5%) and improve calorie (+46%) and protein (+34%) production without adversely impacting feed production, crop diversity, or economic value (Davis, Seveso, et al.,
2017). Similarly, recent research investigating global scenarios of crop redistribution to minimize irrigation
water consumption has shown that it is possible to increase food production and feed an additional 825 million people while reducing irrigation water consumption by 12% without losing crop diversity or expanding
the cultivated area (Davis, Rulli, Seveso, & D’Odorico, 2017).

D’ODORICO ET AL.

506

Reviews of Geophysics

10.1029/2017RG000591

Collectively, these results show the beneﬁts of a more efﬁcient use of natural resources for food or energy
production. There could be, however, some unwanted effects. (1) Highly optimized systems are not necessarily more resilient (e.g., Walker & Salt, 2006). They often lack important redundancies that play an important
role in providing resilience to the FEW system (see section 7). (2) When resources are used more efﬁciently
their consumption can increase rather than decrease. Known as Jevon’s paradox (e.g., Bauer et al., 2009;
Polimeni et al., 2008), this rebound effect has been observed for irrigation systems and has been termed
the irrigation paradox (Foster & Perry, 2010; Scott et al., 2014). Indeed investments in water-saving irrigation
technology may result in a decrease in groundwater levels and environmental ﬂows (Pfeiffer & Lin, 2010;
Ward & Pulido-Velazquez, 2008). Unless policies limit the extent of the irrigated land, what typically happens
is that more land is irrigated and water-resource availability decreases, which may exacerbate water scarcity
and soil salinity problems (Scott et al., 2014). Of course, these changes also have some positive effects, such as
increased crop production. (3) Approaches aiming at an increase in agricultural efﬁciency need to ﬁrst clarify
which resource needs to be used more efﬁciently (Hoekstra, 2013). If irrigation water is applied to close the
yield gap (the full irrigation strategy), the land is used very efﬁciently but not necessarily the water. But, if
water is scarce and large expanses of land are available, it makes more sense to use the land less efﬁciently
and the water more efﬁciently by irrigating a larger area but with smaller water applications. This practice is
known as deﬁcit irrigation in that it leaves crops in a water deﬁcit state (Hoekstra, 2013). These caveats stress
the need to account for food demand, livelihoods, and the environment when developing more effective
strategies for achieving a sustainable food system.
11.3. Change in Consumption Rates
Consumption rates depend on the number of consumers (i.e., population size) and the consumption rate per
capita, which in turn depends on diet and food waste.
11.3.1. The Population Factor
The population factor (Box 1) has been somewhat more marginal in the recent food security debate, but is
starting to resurface in the analysis of sustainable food systems (Crist et al., 2017) Often considered “the elephant in the room,” some of the old prophecies on the existence of biophysical limits to population growth
(e.g., Ehrlich, 1968; Malthus, 1798; Meadows et al., 1972) are going to be central in the analysis of the future of
food security (Box 1). It has been argued that there is an urgent need to contain the escalating demand for
food commodities by stabilizing the global population (Motesharrei et al., 2016; Warren, 2015). This has
revamped the debate on the efﬁcacy of population policies and reproductive health education (Crist et al.,
2017), as well as other longer-term approaches based on both social and economic development, including
empowerment of women and access to education, poverty eradication, and other factors affecting fertility
rates (Lee, 2011; see also Box 1).
11.3.2. To What Extent Is It Possible to Promote More Sustainable and Healthy Diets?
Though food supply may be adequate at the global scale, high levels of undernourishment persist in many
parts of the developing world (Box 3), while habits of overconsumption have become commonplace in the
United States and Europe (Alexandratos & Bruinsma, 2012). Thus, in addition to production-side solutions
that have been proposed for meeting future demand, recent work has pointed toward the need for efforts
to draw down per capita demand (e.g., Bajželj et al., 2014; Chaudhary et al., 2018; Davis et al., 2014b; Davis
et al., 2016; Shepon et al., 2018), particularly in countries with diets with a large fraction from animal products,
and to promote better physical and economic access for less integrated markets. Approaches to promote a
shift toward healthier and environmentally more sustainable diets can be based on a variety of interventions,
including raising awareness, education, “nudge” methods (e.g., easier access to meat alternatives, changes in
default menu option, meal plans, and portion size), economic incentives, taxation (e.g., taxes on sugary
drinks; Colchero et al., 2016), and law restrictions. The latter three approaches, however, can be difﬁcult to
accept in free market economies and liberal societies (Wellesley et al., 2015).
Although a consumption focused approach to food security may be difﬁcult to implement, given the social
and cultural associations of diets, new studies have demonstrated linkages between sustainable dietary
choices and health (Tilman & Clark, 2014) and explored sustainable diets (Gephart Davis, et al., 2016). Thus,
approaches based on health awareness can also improve environmental sustainability. Other strategies to
enhance awareness and education rely on the effect of sustainability labels on food choices (Leach et al.,
2016) or rely on academic institutions to take the lead in evaluating and improving the water, carbon, and
nitrogen footprints of the institutions, starting with the food served (Compton et al., 2017; Leach et al.,
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2013; Natyzak et al., 2017). Indeed, universities and other nonproﬁt organizations can be leaders in
developing internal food sustainability policies and, in doing so, set the standards for other institutions in
a manner similar to that of major divestment initiatives in “unethical” businesses related to apartheid,
tobacco, or fossil fuels. Such divestment efforts started from the management of endowments of major
university and religious organizations and spread to the broader market (Ansar et al., 2013). Presently,
universities are pioneering efforts aimed at calculating and reducing the nitrogen, carbon, and water
footprints within their institutions or promoting low meat diets (Compton et al., 2017; Leach et al., 2013;
Natyzak et al., 2017).
There are, however, some major barriers to a dietary shift away from a meat-based diet. The greatest barriers
are cultural and are associated with the appreciation of meat by those who are used to having it as the central
part of their meals, enjoy its taste, lack knowledge about how to prepare vegetarian meals, or believe that
meat has a higher nutritional value than other food types. Moreover, in many societies meat consumption
is perceived as a sign of afﬂuence, status, masculinity, authority, and physical strength (Ruby, 2016). These
cultural factors shape a society’s consumption patterns and make dietary shifts a difﬁcult task (Pohjolainen
et al., 2015). Appreciation for meat is typically stronger among men, younger people, families with children,
and rural communities in which meat consumption is considered an important part of their tradition,
whereas plant-based diets are perceived to have no taste or nutrition value (Pohjolainen et al., 2015).
Knowledge gaps about the environmental and health impacts of meat, and false perceptions about the nutritional properties of vegetables, can constitute important barriers to a shift toward diets that use less meat.
There is also a generalized reluctance to the use of meat substitutes (e.g., tofu and veggie burgers) because
of unfamiliarity with their taste and texture, and many people do not know how to replace meat with proteins
from vegetable sources (Graça, Calheiros, & Oliveira, 2015; Graça, Oliveira, & Calheiros, 2015).
Although cultural barriers are hard to remove, some of the knowledge gaps listed above could be addressed
by educating citizens about the nutritional, health, and environmental implications of their food consumption habits. Attempts at promoting dietary shifts could be more effective if they target (and are tailored to)
speciﬁc social groups―namely, the student population, who could start getting used to meat substitutes
at a young age; women, who appear to be more inclined to vegetarian diets than men (Ruby, 2016); or citizens concerned about the health impacts of an excessive use of meat (e.g., hypertension, cardiovascular diseases, or type 2 diabetes). Other educational initiatives could appeal to concerns about environmental
impacts, animal ethics, and welfare (Ruby, 2016). New policies could promote healthier and sustainable diets
by setting higher nutritional and environmental standards for school meals (Donati et al., 2016). To reduce
meat consumption some school districts and workplaces are already adopting meat-free days in their meal
plans, while promoting health education to decrease employers’ long-term healthcare costs.
In some afﬂuent countries, there are already signs of reduced meat consumption, which indicates that, as
societies become wealthier, concerns about health and environment lead to a more moderate consumption
of meat, according to a Kuznet-like inverted-U curve (Cole & McCoskey, 2013). Reductions in meat consumption can be favored by urbanization, education, empowerment of women, or the use of sustainability labels
(Grunert et al., 2014; Leach et al., 2016). In the developing world, however, the expected trend is still that of an
increase in meat consumption in the next few decades (Alexandratos & Bruinsma, 2012; Tilman et al., 2011).
Other possible strategies to promote a dietary shift can be based on food price policies (e.g., Andreyeva et al.,
2010). For instance, less sustainable food types, such as meat or unhealthy processed foods could be taxed,
whereas subsidies could be used to reduce the prices of vegetables, meat substitutes, and other more sustainable and healthier food products (Donati et al., 2016). Such policies could ensure that food prices account
for environmental costs (e.g., through a carbon tax) and use part of the tax revenues for the improvement of
taste, texture, and nutritional properties of meat substitutes (Pohjolainen et al., 2015). The efﬁcacy of policies
acting on food prices, however, could be modest in afﬂuent societies where only a relatively small fraction of
the income is typically spent on food, a pattern known as Engel’s law.
11.3.3. Livestock Transition
Trends toward greater animal protein in diets mean that livestock production systems need to become far
more efﬁcient. In this regard, the ongoing transition toward monogastric production is encouraging.
Indeed, recent work has shown that shifting grain-fed beef production entirely to chicken and pork production would feed an additional 367 million people (Cassidy et al., 2013). As with closing crop yield gaps, the
industrialization of animal production poses a huge challenge to the sector’s vital and ongoing role in
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Figure 29. Impacts of the production of 1 kg of protein from mealworms and other food sources: Minimum (gray) and
maximum (dark green) footprints (after Oonincx & de Boer, 2012; Van Huis, 2013; van Huis et al., 2013).

poverty alleviation because livestock, and agriculture in general, are important for various aspects of rural
livelihoods (e.g., income, nutrition, ﬁeld preparation, transportation, household assets; Thornton, 2010).
Likewise, the expansion of sustainable forms of aquaculture (see Box 4) offers an alternative, and
potentially more environmentally sustainable, way to meet some of this future demand for animal
products (Godfray et al., 2010). Even more so than for crop production, the future of the livestock sector is
far from clear (Thornton, 2010).
The last few decades (1961–2011) have seen an increasing reliance on poultry and swine meat, and a
decrease in the fraction of ruminant meat consumption, worldwide (Thornton, 2010). This trend (livestock
transition, see section 2.2 and Figure 7) allows for a reduction of the land used and carbon footprints of meat
per unit calorie (Davis et al., 2016; Tilman & Clark, 2014).
11.3.4. Alternative Meat Types
As noted in the previous sections, a possible approach to feed the world with the limited resources of the
planet is to reduce the consumption of meat, particularly of the meat types that have the greater environmental footprints. Alexander et al. (2017) reviewed a series of alternative meat types, including insects, cultured meats (e.g., in vitro meat), and imitation meats; they found that insects and imitation meats had
particularly low land use requirements relative to conventional meat. However, imitation meats had relatively
minor reductions in land use requirements compared to poultry and dairy, further emphasizing the importance of dietary change and waste reductions (Alexander et al., 2017). Other studies have highlighted the
environmental, health and economic beneﬁts of eating insects (Van Huis, 2013). Most insects have relatively
high bioconversion rates (i.e., feed-to-live animal ratios), close to 5 times those of cattle. Moreover, the edible
biomass fraction is much higher in insects (about 80% in crickets) than in livestock (about 55% in poultry and
pork and 40% in beef). Therefore, the feed-to-edible meat ratio is much more favorable for insects than for
livestock, which explains their smaller land and carbon footprints (Figure 29; Oonincx & de Boer, 2012).
Insect meat is also healthier because of its high protein and low fat contents. Further, because insect production requires low technological inputs, it can be practiced by small-scale farmers, thereby improving the food
security and nutrition of rural populations, as well as their livelihoods (Van Huis, 2013).
Insects may be used either for direct human consumption or as feed for the aquaculture and livestock industries. The feed used for insect production can be based on various types of organic waste, including cellulosic
materials. Therefore, reliance on insect meat may allow for an effective recycling of waste and favor the establishment of a circular economy (Figure 30), whereby food waste is turned into protein-rich feed and food
(Vickerson, 2016).
11.4. Waste Reduction and Reuse
As noted in section 2, about 24% of global food production for human consumption is lost or wasted through
the food supply chain (Parﬁtt et al., 2010). Recent work has demonstrated the environmental beneﬁts of reducing food waste (Kummu et al., 2012; Shaﬁee-Jood & Cai, 2016) and shown that consumer waste of animal
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products is particularly costly in terms of land use (West et al., 2014) and
crop production (Davis & D’Odorico, 2015). All of these studies provide
important insights into how consumers may consider healthier and less
environmentally burdensome consumption choices (Box 2).
It has been estimated that food waste accounts for 23% of the arable
land, 24% of freshwater resources used for crop production, and an
amount of food per capita of roughly 625 kcal per cap per day, including large quantities of nutrients, micronutrients, and minerals (Spiker
et al., 2017). These ﬁgures speak for themselves. A strategy aimed at
improving the use of land and water for food production needs to
invest in food waste reduction and reuse. Many studies have investigated how food waste can be reduced by removing inefﬁciencies in
the food supply chain from agricultural production to postharvest storage, processing, distribution, and consumption. Possible actions
include crop production planning to avoid surpluses that cannot be
placed on the market; improvements in storage, refrigeration, and
transportation facilities, particularly in the developing world; changes
in the logistics of food retailing and distribution to account for the limFigure 30. Circular economy of insect meat and food waste.
ited shelf life of perishable products; and consumer education on how
to make more effective purchase plans and deal with “expiration” and
“sell-by” dates (Ghosh et al., 2015; Gustavsson et al., 2011; Stuart, 2009; Thi et al., 2015). In developed countries, some of the quality standards for fresh produce overemphasize aesthetic criteria and idealizations
about fruit or vegetable size and shape, or product uniformity with the effect of discarding products that
are perfectly healthy and edible. Consumer education could encourage the use of substandard or unappealing food products, and products that are unsuitable for human consumption could be repurposed and used
as animal feed or for bioenergy production (Peplow, 2017).
Food waste can also be contributed to by retailer overbuying, oversized packages, and stores’ compliance
with “sell-by” or “use-by” dates. To redress some of these factors, it is possible to act at the retailer and distributor level. Of note is France, where a recent law forbids the destruction of unsold food as it approaches
its “best by” date. Rather, supermarkets need to donate these products to food bank charities, though the
process of food delivery to humanitarian organizations remains a difﬁcult task as it requires timeliness and
coordination (Chrisaﬁs, 2016). The EU Commission has subsequently established a multistakeholder platform
with the explicit task of developing a strategy to reduce food waste.
Another particularly important opportunity in the FEW nexus is to enhance the recovery, treatment, and
reuse of wastewater. In terms of water scarcity, wastewater offers a potential alternative source of irrigation
in some contexts (e.g., Grant et al., 2012). Improved access to sanitation is not only a UN Sustainable
Development Goal in and of itself, but improved sanitation systems offer massive potential to recover critical
plant nutrients, particularly P, to offset agricultural nutrient demands at the global scale and, to some degree,
to inﬂuence household energy goals through renewable sources such as biogas (Trimmer et al., 2017).
Recycling of nutrients from urban waste streams is especially important for the P cycle because of the nonrenewable nature of this resource and the relatively high P content of sewage sludge (e.g., Cordell et al., 2009;
Mihelcic et al., 2011). However, in addition to the infrastructure needed for urban sanitation, multiple socioeconomic and environmental factors can play a role in the efﬁcacy of nutrient recycling in any given city (as
reviewed by Metson et al., 2015, for phosphorus).
11.4.1. Toward a Circular Economy in the FEW System
Despite all the efforts our societies can make to reduce food waste through more efﬁcient food supply chains,
consumer education, and the use of food banks, some of the losses existing in the food system are unavoidable. Nevertheless, spoiled or unsold food can still be used for other purposes, such as energy production,
feed for livestock, or insect meat production (Figure 30). This approach is an important step in the direction
of a circular economy, to “reuse what you can, recycle what you cannot reuse, repair what is broken, remanufacture what cannot be repaired” (Stahel, 2016).
Our current system of production often uses a linear model (Figure 31), whereby natural resources are
extracted to produce a sequence of goods that are then used until they are disposed. This process leads to
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Figure 31. Schematic diagram of (a) linear model of production and (b) toward a circular economy through reuse and recycling to reduce resource depletion and waste accumulation.

the depletion of natural resources and accumulation of waste. Because in this linear system manufacturing
moves goods through value adding steps, economic growth implicitly entails resource depletion and
waste production, a model of production that is clearly unsustainable. Nature, however, works in cycles,
with a sequence of processes organized in a circular pattern: what is waste for a certain process becomes
an input (i.e., a resource) for the next one (Stahel, 2016).
Some of the systems reviewed in the previous sections, such as hydroponic production or the food/waste/
insect/feed/food cycle, are ways to imitate nature and its circular economy. Even in those cases in which complete loops cannot be established, it is possible to use a more circular consumption pattern in the sense that
we can reduce the use of new natural resources and generate less waste. For instance, we can repair and
reuse some goods (i.e., extend their service life), retroﬁt and repurpose commodities that have become obsolete or unsuitable for their initial use, and recycle materials. In the speciﬁc case of the FEW system, food waste
can be used to produce biogas (repurposing), feed, compost (recycling), or even other food commodities.
This requires additional labor and investments in technological innovations with the overall effect of creating
new jobs and reducing the environmental damage from resource use and waste accumulation. Although the
industrial revolution has replaced labor with energy from fossil fuels (e.g., Sachs, 2015), the transition to a circular economy would use less resources, employ more labor, reduce the carbon footprint of human activities,
and add about $2.3 trillion (U.S. dollars) to the European economy by 2030 (Stahel, 2016).

Table 6
A Comparison of Different Forms of Global Water Saving
Saving mechanism
Virtual water
green + blue water consumption
Waste reduction
blue water consumption
Changes in Diet (Reduced dietary protein from
animal products—25% of total)
green water consumption
blue water consumption
Crop water management
blue water withdrawals
Optimal crop redistribution
blue water consumption
green water consumption

D’ODORICO ET AL.

Max water savings (%)
6%

Reference to data source
Chapagain et al. (2006)

<24%

Kummu et al. (2012)

6–21%
4–14%

Jalava et al. (2014)

17%

Jägermeyr et al. (2016)

12%
14%

Davis, Rulli, Seveso, & D’Odorico (2017)
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Some authors have stressed the existence of important limitations in the circular economy paradigm because
it is unrealistic to build the global economy on a closed loop of material-end energy ﬂows between the economic and the natural systems (Korhoner et al., 2018). Complete recycling will never be attained. For instance,
the recycling of materials always results in the unavoidable production of toxic waste and other side products
for which we currently have no economic use. The second law of thermodynamics has been invoked to
explain that recycling will always require energy and entail the production of waste (Georgescu-Roegen,
1971). Although a circular economy could be in principle sustained by renewable energy, to date, only about
25% of the energy demand of human societies relies on renewable resources (Ayres, 1999; Converse, 1997;
Craig, 2001; Korhoner et al., 2018). Despite these limitations in the applicability of the circular economy paradigm, this framework allows us to stress how resource-efﬁcient food systems could emulate the dynamics of
natural cycles (e.g., of water or nutrients). Even without aiming at complete recycling of materials and reliance
on renewable energy, systems of production that promote recycling, reuse, and refurbishing can reduce the
footprint of human societies.
11.5. Relative Importance of Consumption-Based Approaches
The measures to reduce consumption in the food system may have different impacts on natural resources
(Table 6). Their relative importance has seldom been evaluated. For water, however, it is possible to quantify
the maximum water savings from waste reduction, dietary shifts, crop water management, and improved
crop redistribution (D’Odorico & Rodriguez-Iturbe, 2017). Interestingly, all these mechanisms can yield maximum water savings that are of the same order of magnitude (10–24%). Of course, only part of these maximum savings can be feasibly attained, and this fraction likely depends on the saving mechanism.

Box 7. Restoring the Circular Economy of the Nitrogen Cycle
An interesting example that is relevant to agriculture can be found in the nitrogen (N) cycle. In a natural
ecosystem such as a forest or a grassland, most of the reactive N is recycled within the system as it is
moves from live vegetation to soil organic matter (litterfall or plant mortality) to be subsequently mineralized and nitriﬁed, and taken up by plants (e.g., Schlesinger, 1991). Losses of N to the atmosphere (denitriﬁcation) or water bodies (leaching) are unavoidable, and the overall reactive N pool
(organic + inorganic) is generally replenished by atmospheric deposition and ﬁxation of nonreactive
atmospheric N (Figure B7a). Before the use of industrial fertilizers, agroecosystems functioned substantially in the same way, except that crops were harvested and removed from the cultivated land along with
the organic N contained in grains, vegetables, roots, tubers, and fruits. No-till agriculture leaves part of the
crop residues in the ﬁeld to reduce nutrient losses, soil evaporation, and erosion. However, in the long run,
soils would be depleted of N and other minerals without adequate fallow periods to recover, and/or the
supply of adequate amounts of natural fertilizers, such as manure or compost (Figure B7b). With the use
of industrial fertilizers, farmers have been able to open the N cycle and turn agriculture into a more linear
system of production. Instead of relying only on natural fertilizers, it is possible to manufacture new reactive nitrogen through industrial synthesis, a process (the Haber-Bosch process) that requires an energy
input to obtain high temperature and pressure (e.g., Erisman et al., 2012). This leads to a linear model of
production (Figure B7b), with the accumulation of reactive nitrogen in the environment (i.e., in
food/crop waste and wastewater), a phenomenon that has well known environmental implications, such
as the eutrophication of lakes, rivers, and coastal waters; the emission of greenhouse gases; and rainfall
acidiﬁcation (e.g., Elser & Bennett, 2011; Galloway et al., 2004). Thus, the nitrogen cycle typical of natural
ecosystems (Figure B7a) has been disrupted by agriculture (Figure B7b) by (1) removing N in harvested
crops (which started at the beginning of agriculture in the Neolithic period) and (2) increasing the external
input of reactive N, which has opened even more the nitrogen cycle’s loop (at the time of the Green
Revolution). With no-till agriculture, composting, and the use of manure, we can reduce the need for
“new” reactive nitrogen production (i.e., industrial fertilizers), thereby reducing the energy input and the
accumulation of reactive N in the environment. Moreover, the inclusion of nitrogen ﬁxers (e.g., pulses
and soy beans) in crop rotations can reduce the reliance on synthetic fertilizers Figure B7c.
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Figure B7. Schematic representation of the nitrogen cycle of “natural” ecosystems (a), fertilizerdependent agro-ecosystems (b), and ecological farming systems (c).

12. Concluding Remarks
Humanity faces an enormous challenge in the 21st century to meet the growing and changing demands for
food and energy in a sustainable manner while dealing with changes in water availability and the pressures of
society on water quality. We have reviewed the various challenges and opportunities facing each of the food,
water, and energy systems independently and some of the key ways that these systems are linked. Critical
uncertainties relate to how much food demand will increase in relation to population growth and dietary
change with growing afﬂuence, how this new demand will be met, and how the response to this demand
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will intersect with water use. Although new technologies and alternative production models offer considerable potential to improve global food and energy production, some of the largest gains in food availability
can come from shifts in consumption patterns—particularly away from red meats and toward reductions
in food waste—or through closure of yield gaps with targeted use of fertilizer and improvements in water
use efﬁciency. Indeed, new approaches to food and energy security will likely have to rely on the enhancement of production through the adoption of new technology and consumption reduction through more sustainable diets, efﬁcient use of resources, and decreased waste. The scientiﬁc debate over whether crop
production should be increased by expanding cultivated land or by increasing crop yields (intensiﬁcation
of agriculture) has often supported the former approach because it prevents the environmental damage
resulting from land use change. In this review, however, we have stressed how some regions have lagged
behind the rest of the world when it comes to adoption of new technology because it requires investments
in agriculture that local, small-scale farmers often cannot afford. Thus, advocating for agricultural intensiﬁcation may promote the transition from subsistence farming to large-scale commercial agriculture (e.g.,
through LSLAs), a process that is occurring across the developing world with important implications for rural
livelihoods, local food security, and the environment. Approaches based on sustainable intensiﬁcation, dietary shifts, and waste reduction appear to be possible alternatives to address future needs.
Numerous tensions are emerging within the FEW nexus, which largely relate to the interacting demands for
water from the food and energy sectors. These tensions are perhaps clearest for ﬁrst-generation biofuels and
the conﬂuence of multiple factors that contributed to the global food crisis of 2007/2008 (Headey & Fan,
2008). The growing importance of globalization in the food system further complicates water, food, and
energy interactions by disconnecting food consumers from production, displacing land and water use across
political boundaries, and obscuring the relationship between national consumption and its environmental
impacts. However, the inherent linkages among food, water, and energy systems also present opportunities
in that some strategies targeted at improving the sustainability of one system can have synergistic effects
that serve multiple goals across all three systems. Enhancing these beneﬁcial linkages at the FEW nexus, such
as waste capture and recycling in the circular economy, will be critical to enhancing the resilience of food,
water, and energy security at the global scale.
The view emerging from this article is that there are some major gaps in the understanding and management
of the global FEW system. More speciﬁcally, (1) there is an urgent need to link sustainable FEW solutions with
real-world outcomes and to engage in research that interacts with local experts and stakeholders; (2) more
emphasis needs to be placed on nutrition instead of just food to examine the nutritional implications of different climate and management scenarios; (3) while substantial additional water will be required to support
future food and energy production, it is not clear whether and where local freshwater availability is sufﬁcient
to sustainably meet future water needs. For instance, the extent to which irrigation can be expanded within
presently rainfed cultivated land to close the yield gap without depleting environmental ﬂows remains
poorly understood; (4) new energy systems (e.g., unconventional fossil fuels such as shale oil, shale, gas, or
oil sands) require much greater water amounts than their conventional counterparts; their impacts on the
FEW nexus have just started to be explored (Rosa et al., 2017, 2018); (5) investments in energy production
and mining should also account for the possibility that some of these economic activities may remain
stranded (i.e., not developed) because of water scarcity (Bonnafous et al., 2017; Northey et al., 2016, 2017);
(6) in addition to effects on water resources there is a myriad of environmental impacts (e.g., GHG emissions,
pollution, depletion of high-grade phosphate rock reserves, and soil losses) that need to be accounted for
while evaluating the environmental trade-offs of energy and food production; and ﬁnally, (7) research on
FEW systems and sustainability often suffers from limited and incomplete data (e.g., sub-Saharan Africa).
Therefore, there is the need for creative strategies aiming at identifying new data sources or proxies that
can improve our understanding of the FEW nexus.
Acknowledgments
All the data reviewed in this manuscript
are taken from the original studies and
publicly available data sets cited in the
main text and ﬁgure captions. This
manuscript did not generate new data.
L. R. was supported by the Ermenegildo
Zegna Founder’s Scholarship.

D’ODORICO ET AL.

References
Adger, W. N. (2006). Vulnerability. Global Environmental Change, 16(3), 268–281. https://doi.org/10.1016/j.gloenvcha.2006.02.006
Adnan, S. (2013). Land grabs and primitive accumulation in deltaic Bangladesh: Interactions between neoliberal globalization, state
interventions, power relations and peasant resistance. The Journal of Peasant Studies, 40(1), 87–128. https://doi.org/10.1080/
03066150.2012.753058
Aggarwal, A., & Upadhyay, R. (2013). Heat stress and immune function. In Heat stress and animal productivity (pp. 113–136). India: Springer.
https://doi.org/10.1007/978-81-322-0879-2_5

514

Reviews of Geophysics

10.1029/2017RG000591

Alexander, P., Brown, C., Arneth, A., Dias, C., Finnigan, J., Moran, D., & Rounsevell, M. D. (2017). Could consumption of insects, cultured meat or
imitation meat reduce global agricultural land use? Global Food Security, 15, 22–32. https://doi.org/10.1016/j.gfs.2017.04.001
Alexandratos, N., & Bruinsma, J. (2012). World agriculture towards 2030/2050: The 2012 revision (No. 12-03, p. 4). Rome, FAO: ESA Working
paper No. 12-03.
Allan, J. A. (1998). Virtual water: A strategic resource. Ground Water, 36(4), 545–547. https://doi.org/10.1111/j.1745-6584.1998.tb02825.x
Allan, J. A. (2001). Virtual water—Economically invisible and politically silent—A way to solve strategic water problems. International Water
and Irrigation, 21(4), 39–41.
Allan, J. A. (2006). IWRM: The new sanctioned discourse? In P. P. Mollinga, A. Dixit, & K. Athukorala, (Eds), Integrated Water Resources
Management: Global theory, emerging practice and local needs (pp. 38–63). London, UK: SAGE Publications.
Allan, T., Keulertz, M., Sojamo, S., & Warner, J. (2012). Handbook of land and water grabs in Africa: foreign direct investment and food and
water security (488p.). Abingdon, UK: Routledge.
Allan, J. A., & Allan, T. (2002). The Middle East water question: Hydropolitics and the global economy (Vol. 2). New York: I. B. Tauris.
Altieri, M., & Nicholls, C. (2004). Biodiversity and pest management in agroecosystems (236 pp.). New York: Haworth Press.
Altieri, M. A., Funes-Monzote, F. R., & Petersen, P. (2012). Agroecologically efﬁcient agricultural systems for smallholder farmers: Contributions
to food sovereignty. Agronomy for Sustainable Development, 32(1), 1–13. https://doi.org/10.1007/s13593-011-0065-6
Anderson, K. (2010). Globalization’s effects on world agricultural trade, 1960–2050. Philosophical Transactions of the Royal Society of London B:
Biological Sciences, 365(1554), 3007–3021. https://doi.org/10.1098/rstb.2010.0131
Andreyeva, T., Long, M. W., & Brownell, K. D. (2010). The impact of food prices on consumption: A systematic review of research on the price
elasticity of demand for food. American Journal of Public Health, 100(2), 216–222. https://doi.org/10.2105/AJPH.2008.151415
Ansar, A., Caldecott, B., & Tilbury, J. (2013). Stranded assets and the fossil fuel divestment campaign: What does divestment mean for the
valuation of fossil fuel assets. Stranded Assets Programme, SSEE, University of Oxford, 1-81. Retrieved from http://www.smithschool.ox.ac.
uk/research-programmes/strandedassets/SAP-divestment-report-ﬁnal.pdf (last accessed 7/27/2017).
Anseeuw, W., Wily, L. A., Cotula, L., & Taylor, M. (2012). Land rights and the rush for land: Findings of the global commercial. ILC: Rome, Italy.
Arduino, S., Colombo, G., Ocampo, O. M., & Panzeri, L. (2012). Contamination of community potable water from land grabbing: A case study
from rural Tanzania. Water alternatives, 5(2), 344.
Arnell, N. W. (2004). Climate change and global water resources: SRES emissions and socio-economic scenarios. Global Environmental
Change, 14(1), 31–52. https://doi.org/10.1016/j.gloenvcha.2003.10.006
Ayres, R. U. (1999). The second law, the fourth law, recycling and limits to growth. Ecological Economics, 29(3), 473–483.
Backlund, P., Janetos, A., & Schimel, D. (2008). The effects of climate change on agriculture, land resources, water resources, and biodiversity.
Synthesis and assessment product 4.3 (p. 240). Washington, DC: U.S. Climate Change Science Program.
Bailey, R., Froggatt, A., & Wellesley, L. (2014). Livestock—Climate change’s forgotten sector: Global public opinion on meat and dairy
consumption Chatham House Report. London: The Royal Institute of International Affairs.
Bailis, R., Ezzati, M., & Kammen, D. M. (2005). Mortality and greenhouse gas impacts of biomass and petroleum energy futures in Africa.
Science, 308(5718), 98–103. https://doi.org/10.1126/science.1106881
Bajželj, B., Richards, K. S., Allwood, J. M., Smith, P., Dennis, J. S., Curmi, E., & Gilligan, C. A. (2014). Importance of food-demand management for
climate mitigation. Nature Climate Change, 4(10), 924–930.
Bakken, T. H., Killingtveit, Å., & Alfredsen, K. (2017). The water footprint of hydropower production—State of the art and methodological
Challenges. Global Challenges, 1, 1600018. https://doi.org/10.1002/gch2.201600018
Bakken, T. H., Killingtveit, Å., Engeland, K., Alfredsen, K., & Harby, A. (2013). Water consumption from hydropower plants—Review of
published estimates and an assessment of the concept. Hydrology and Earth System Sciences, 17(10), 3983–4000. https://doi.org/10.5194/
hess-17-3983-2013
Bakker, K. (2005). Neoliberalizing nature? Market environmentalism in water supply in England and Wales. Annals of the Association of
American Geographers, 95(3), 542–565. https://doi.org/10.1111/j.1467-8306.2005.00474.x
Bakker, K. (2010). Privatizing water: Governance failure and the world’s urban water crisis. Cornell University Press.
Barrett, C. B. (2010). Measuring food insecurity. Science, 327(5967), 825–828. https://doi.org/10.1126/science.1182768
Barrett, C. B. (Ed) (2013). Food security and sociopolitical stability. Oxford. UK: Oxford University Press.
Battye, W., Aneja, V. P., & Schlesinger, W. H. (2017). Is nitrogen the next carbon? Earth’s Future, 5, 894–904. https://doi.org/10.1002/2017EF000592
Bauer, C. J. (2012). Against the current: Privatization, water markets, and the state in Chile (Vol. 14). New York: Springer Science and Business
Media. https://doi.org/10.1007/978-1-4615-6403-4
Bauer, D., Papp, K., Polimeni, J., Mayumi, K., Giampietro, M., & Alcott, B. (2009). The Jevons paradox and the myth of resource efﬁciency
Improvements. Sustainability: Science, Practice, and Policy, 5(1), 48–54.
Bazilian, M., Rogner, H., Howells, M., Hermann, S., Arent, D., Gielen, D., et al. (2011). Considering the energy, water and food nexus: Towards an
integrated modelling approach. Energy Policy, 39(12), 7896–7906. https://doi.org/10.1016/j.enpol.2011.09.039
Behrman, J., Meinzen-Dick, R., & Quisumbing, A. (2012). The gender implications of large-scale land deals. Journal of Peasant Studies, 39(1),
49–79. https://doi.org/10.1080/03066150.2011.652621
Bell, J. G., & Waagbø, R. (2008). Safe and nutritious aquaculture produce: Beneﬁts and risks of alternative sustainable aquafeeds. In
Aquaculture in the Ecosystem (pp. 185–225). Netherlands: Springer. https://doi.org/10.1007/978-1-4020-6810-2_6
Ben-Ari, T., & Makowski, D. (2014). Decomposing global crop yield variability. Environmental Research Letters, 9(11), 114011. https://doi.org/
10.1088/1748-9326/9/11/114011
Bennett, E. M., Carpenter, S. R., & Caraco, N. F. (2001). Human Impact on Erodable Phosphorus and Eutrophication: A Global Perspective:
Increasing accumulation of phosphorus in soil threatens rivers, lakes, and coastal oceans with eutrophication. AIBS Bulletin, 51(3), 227–234.
https://doi.org/10.1641/0006-3568(2001)051[0227:HIOEPA]2.0.CO;2
Bennett, E. M., & Schipanski, M. E. (2013). The phosphorus cycle. Fundamentals of Ecosystem Science (pp. 159–178). Waltham, MA: Elsevier.
https://doi.org/10.1016/B978-0-08-091680-4.00008-1
Bennett, M. K. (1941). Wheat studies of the Food Research Institute, vols 12 and 18. Stanford, CA: Stanford University.
Berteotti, S., Ballottari, M., & Bassi, R. (2016). Increased biomass productivity in green algae by tuning non-photochemical quenching.
Scientiﬁc Reports, 6, 21339. https://doi.org/10.1038/srep21339
Beveridge, M. C. M., Thilsted, S. H., Phillips, M. J., Metian, M., Troell, M., & Hall, S. J. (2013). Meeting the food and nutrition needs of the poor:
The role of ﬁsh and the opportunities and challenges emerging from the rise of aquaculturea. Journal of Fish Biology, 83(4), 1067–1084.
https://doi.org/10.1111/jfb.12187
Biermann, F., Kanie, N., & Kim, R. E. (2017). Global governance by goal-setting: The novel approach of the UN Sustainable Development Goals.
Current Opinion in Environmental Sustainability, 26, 26–31.

D’ODORICO ET AL.

515

Reviews of Geophysics

10.1029/2017RG000591

Bigas, H. (2013). Water security and the Global Water Agenda: A UN-water analytical brief, Institute for Water, Environment and Health.
Hamilton, Ontario: United Nations University.
Biggs, E. M., Bruce, E., Boruff, B., Duncan, J. M. A., Horsley, J., Pauli, N., et al. (2015). Sustainable development and the water–energy–food
nexus: A perspective on livelihoods. Environmental Science and Policy, 54, 389–397. https://doi.org/10.1016/j.envsci.2015.08.002
Billen, G., Lassaletta, L., & Garnier, J. (2015). A vast range of opportunities for feeding the world in 2050: Trade-off between diet, N contamination and international trade. Environmental Research Letters, 10(2), 025001. https://doi.org/10.1088/1748-9326/10/2/025001
Blanc, E., & Strobl, E. (2013). Is small better? A comparison of the effect of large and small dams on cropland productivity in South Africa. The
World Bank Economic Review, 28(3), 545–576. https://doi.org/10.1093/wber/lht026
Blanc, E., Strzepek, K., Schlosser, A., Jacoby, H., Gueneau, A., Fant, C., et al. (2014). Modeling US water resources under climate change. Earth’s
Future, 2(4), 197–224. https://doi.org/10.1002/2013EF000214
Bogardi, J. J., Dudgeon, D., Lawford, R., Flinkerbusch, E., Meyn, A., Pahl-Wostl, C., et al. (2012). Water security for a planet under pressure:
Interconnected challenges of a changing world call for sustainable solutions. Current Opinion in Environmental Sustainability, 4(1), 35–43.
https://doi.org/10.1016/j.cosust.2011.12.002
Bonan, G. B. (2008). Ecological climatology (p. 550). New York: Cambridge University Press.
Bonnafous, L., Lal, U., & Siegel, J. (2017). A water risk index for portfolio exposure to climatic extremes: Conceptualization and an application
to the mining industry. Hydrology and Earth System Sciences, 21(4), 2075–2106. https://doi.org/10.5194/hess-21-2075-2017
Borras, S. Jr., & Franco, J. (2010). From threat to opportunity-problems with the idea of a code of conduct for land-grabbing. Yale Human
Rights and Development LJ, 13, 507.
Boserup, E. (1981). Population and technological change. Chicago, Ill: University of Chicago Press.
Bossio, D., Erkossa, T., Dile, Y., McCartney, M., Killiches, F., & Hoff, H. (2012). Water implications of foreign direct investment in Ethiopia’s
agricultural sector. Water Alternatives, 5(2), 223.
BP (2017). Energy outlook (2017). Retrieved from https://www.bp.com/content/dam/bp/pdf/energy-economics/energy-outlook-2017/
bp-energy-outlook-2017.pdf
Brauman, K. A., Richter, B. D., Postel, S., Malsy, M., & Flörke, M. (2016). Water depletion: An improved metric for incorporating seasonal and
dry-year water scarcity into water risk assessments. Elementa: Science of the Anthropocene, 4, 000083. https://doi.org/10.12952/journal.
elementa.000083
Breu, T., Bader, C., Messerli, P., Heinimann, A., Rist, S., & Eckert, S. (2016). Large-scale land acquisition and its effects on the water balance in
investor and host countries. PLoS One, 11(3), e0150901. https://doi.org/10.1371/journal.pone.0150901
Brown, M. E., Tondel, F., Essam, T., Thorne, J. A., Manne, B. F., Leonard, K., et al. (2012). Country and regional staple food price indices for
improved identiﬁcation of food insecurity. Global Environmental Change, 22, 784–794.
Brown, L. R. (2013). Full Planet, Empty Plates: The New Geopolitics of Food Scarcity (pp. 161). New York: W.W. Norton & Company Publishing.
Brown, L. R. (2015). The great transition: Shifting from fossil fuels to solar and wind energy. New York: WW Norton and Company Publishing.
Bui, M., Adjiman, C. S., Bardow, A., Anthony, E. J., Boston, A., Brown, S., et al. (2018). Carbon capture and storage (CCS): The way forward.
Energy & Environmental Science, 11, 1062–1176. https://doi.org/10.1039/c7ee02342a
Burney, J. A., Naylor, R. L., & Postel, S. L. (2013). The case for distributed irrigation as a development priority in sub-Saharan Africa. Proceedings
of the National Academy of Sciences of the United States of America, 110(31), 12,513–12,517. https://doi.org/10.1073/pnas.1203597110
Byerlee, D., Falcon, W. P., & Naylor, R. L. (2016). The tropical oil crop revolution: Food, feed, fuel, and forests (304 pp.). New York: Oxford
University Press.
Calderini, D. F., & Slafer, G. A. (1998). Changes in yield and yield stability in wheat during the 20th century. Field Crops Research, 57(3), 335–347.
https://doi.org/10.1016/S0378-4290(98)00080-X
Canning, P., Charles, A., Huang, S., Polenske, K., & Waters, A. (2010). Energy use in the US food system. United States Department of
Agriculture. Economic Research Service.
Carlson, K. M., Curran, L. M., Asner, G. P., McDonald Pittman, A., Trigg, S. N., & Adeney, J. M. (2013). Carbon emissions from forest conversion by
Kalimantan oil palm plantations. Nature Climate Change, 3, 283–287.
Carlson, K. M., Curran, L. M., Ratnasari, D., Pittman, A. M., Soares-Filho, B. S., Asner, G. P., et al. (2012). Committed carbon emissions,
deforestation, and community land conversion from oil palm plantation expansion in West Kalimantan, Indonesia. Proceedings of the
National Academy of Sciences of the United States of America, 109(19), 7559–7564. https://doi.org/10.1073/pnas.1200452109
Carpenter, S. R., & Bennett, E. M. (2011). Reconsideration of the planetary boundary for phosphorus. Environmental Research Letters, 6(1),
014009.
Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N., & Smith, V. H. (1998). Nonpoint pollution of surface waters
with phosphorus and nitrogen. Ecological Applications, 8(3), 559–568. https://doi.org/10.1890/1051-0761(1998)008[0559:NPOSWW]2.0.CO;2
Carr, J., D’Odorico, P., Laio, F., Ridolﬁ, L., & Seekell, D. (2012). Inequalities in the networks of virtual water ﬂow. Eos, Transactions American
Geophysical Union, 93(32), 309–310. https://doi.org/10.1029/2012EO320001
Carr, J. A., & D’Odorico, P. (2017). The water–food nexus and virtual water trade. In S. Islam & K. Madani (Eds.), Water Diplomacy in Action:
Contingent Approaches to Managing Complex Water Problems (pp. 95–109). London: Anthem Press.
Carr, J. A., D’Odorico, P., Laio, F., & Ridolﬁ, L. (2013). Recent history and geography of virtual water trade. PLoS One, 8(2), e55825. https://doi.
org/10.1371/journal.pone.0055825
Carr, J. A., D’Odorico, P., Suweis, S., & Seekell, D. A. (2016). What commodities and countries impact inequality in the global food system?
Environmental Research Letters, 11(9), 095013. https://doi.org/10.1088/1748-9326/11/9/095013
Carr, J. A., D’Odorico, P., Laio, F., & Ridolﬁ, L. (2012). On the temporal variability of the virtual water network. Geophysical Research Letters, 39,
L06404. https://doi.org/10.1029/2012GL051247
Carr, J. A., Seekell, D. A., & D’Odorico, P. (2015). Inequality or injustice in water use for food? Environmental Research Letters, 10(2), 024013.
https://doi.org/10.1088/1748-9326/10/2/024013
Carter, C. A., Rausser, G. C., & Smith, A. (2011). Commodity booms and busts. Annual Review of Resources Economies, 3, 87–118. https://doi.org/
10.1146/annurev.resource.012809.104220
Cassidy, E. S., West, P. C., Gerber, J. S., & Foley, J. A. (2013). Redeﬁning agricultural yields: From tonnes to people nourished per hectare.
Environmental Research Letters, 8(3), 034015. https://doi.org/10.1088/1748-9326/8/3/034015
CDP (2016). “Thirsty business: Why water is vital to climate action”. Carbon Disclosure Project (2016). Retrieved from https://
b8f65cb373b1b7b15feb-c70d8ead6ced550b4d987d7c03fcdd1d.ssl.cf3.rackcdn.com/cms/reports/documents/000/001/306/original/
CDP-Global-Water-Report-2016.pdf?1484156313
Chakrabarti, S., & Da Silva, J. G. (2012). Hungry for investment: The private sector can drive agricultural development in countries that need it
most. Wall Street Journal September 6.

D’ODORICO ET AL.

516

Reviews of Geophysics

10.1029/2017RG000591

Chapagain, A. K., & Hoekstra, A. Y. (2008). The global component of freshwater demand and supply: An assessment of virtual water ﬂows
between nations as a result of trade in agricultural and industrial products. Water International, 33(1), 19–32. https://doi.org/10.1080/
02508060801927812
Chapagain, A. K., Hoekstra, A. Y., & Savenije, H. H. G. (2006). Water saving through international trade of agricultural products. Hydrology and
Earth System Sciences Discussions, 10(3), 455–468. Retrieved from https://hal.archives-ouvertes.fr/hal-00305005
Chaudhary, A., Gustafson, D., & Mathys, A. (2018). Multi-indicator sustainability assessment of global food systems. Nature Communications,
9(1), 848–861.
Chaudhary, A., & Kastner, T. (2016). Land use biodiversity impacts embodied in international food trade. Global Environmental Change, 38,
195–204. https://doi.org/10.1016/j.gloenvcha.2016.03.013
Chiarelli, D. D., Davis, K. F., Rulli, M. C., & D’Odorico, P. (2016). Climate change and large-scale land acquisitions in Africa: Quantifying the
future impact on acquired water resources. Advances in Water Resources, 94, 231–237. https://doi.org/10.1016/j.advwatres.2016.05.016
Chiarelli, D. D., Rosa, L., Rulli, M. C., & D’Odorico, P. (2018). The water-land-food nexus of natural rubber production. Journal of Cleaner
Production, 172, 1739–1747. https://doi.org/10.1016/J.JCLEPRO.2017.12.021
Chow, V. T., Maidment, D. R., & Mays, L. W. (1988). Applied hydrology, Series in Water Resources (572 pp.). McGraw-Hill Education, New York.
Chrisaﬁs, A. (2016). French law forbids food waste by supermarkets. The Guardian, 4 (on line version, las accessed on 6/24/2018). https://
www.theguardian.com/world/2016/feb/04/french-lawforbids-food-waste-by-supermarkets
Clapp, J. (2014). Financialization, distance and global food politics. Journal of Peasant Studies, 41(5), 797–814. https://doi.org/10.1080/
03066150.2013.875536
Clapp, J. (2015). Distant agricultural landscapes. Sustainability Science, 10(2), 305–316. https://doi.org/10.1007/s11625-014-0278-0
Cohen, J. E. (1995). How many people can the Earth support? The Sciences, 35(6), 18–23. https://doi.org/10.1002/j.2326-1951.1995.tb03209.x
Cohon, J. L., & Marks, D. H. (1973). Multiobjective screening models and water resource investment. Water Resources Research, 9(4), 826–836.
https://doi.org/10.1029/WR009i004p00826
Cohon, J. L., & Marks, D. H. (1975). A review and evaluation of multiobjective programing techniques. Water Resources Research, 11(2),
208–220. https://doi.org/10.1029/WR011i002p00208
Colchero, M. A., Popkin, B. M., Rivera, J. A., & Ng, S. W. (2016). Beverage purchases from stores in Mexico under the excise tax on sugar
sweetened beverages: Observational study. BMJ, 352, h6704. https://doi.org/10.1136/bmj.h6704
Cole, J. R., & McCoskey, S. (2013). Does global meat consumption follow an environmental Kuznets curve? Sustainability Science Practice
Polonica, 9, 26–36.
Compton, J. E., Leach, A. M., Castner, E. A., & Galloway, J. N. (2017). Assessing the social and environmental costs of institution nitrogen
footprints. Sustainability: The Journal of Record, 10(2), 114–122. https://doi.org/10.1089/sus.2017.29099.jec
Conley, D. J., Paerl, H. W., Howarth, R. W., Boesch, D. F., Seitzinger, S. P., Havens, K. E., et al. (2009). Controlling eutrophication: Nitrogen and
phosphorus. Science, 323(5917), 1014–1015. https://doi.org/10.1126/science.1167755
Converse, A. O. (1997). On complete recycling, 2. Ecological Economics, 2(1), 1–2.
Conway, D., Dalin, C., Landman, W. A., & Osborn, T. J. (2017). Hydropower plans in eastern and southern Africa increase risk of concurrent
climate-related electricity supply disruption. Nature Energy, 2(12), 946. https://doi.org/10.1038/s41560-017-0059-y
Cordell, D., Drangert, J. O., & White, S. (2009). The story of phosphorus: Global food security and food for thought. Global Environmental
Change, 19(2), 292–305. https://doi.org/10.1016/j.gloenvcha.2008.10.009
Cordell, D., & White, S. (2014). Life’s bottleneck: Sustaining the world’s phosphorus for a food secure future. Annual Review of Environment
and Resources, 39, 161–188. https://doi.org/10.1146/annurev-environ-010213-113300
Cotula, L. (2009). Land grab or development opportunity? Agricultural investment and international land deals in Africa. Iied.
Cotula, L. (2013a). The great African land grab? Agricultural investments and the global food system (248 pp.). London & New York: Zed Books
Ltd.
Cotula, L. (2013b). The New Enclosures? Polanyi, international investment law and the global land rush. Third World Quarterly, 34(9),
1605–1629. https://doi.org/10.1080/01436597.2013.843847
Craig, P. P. (2001). Energy limits on recycling. Ecological Economics, 36(3), 373–384.
Crist, E., Mora, C., & Engelman, R. (2017). The interaction of human population, food production, and biodiversity protection. Science,
356(6335), 260–264. https://doi.org/10.1126/science.aal2011
Croley, T. E., Rao, R., & Kuchibotla, N. (1979). Multiobjective risks in reservoir operation. Water Resources Research, 15(4), 807–814. https://doi.
org/10.1029/WR015i004p00807
Cumming, G. S., Buerkert, A., Hoffmann, E. M., Schlecht, E., von Cramon-Taubadel, S., & Tscharntke, T. (2014). Implications of agricultural
transitions and urbanization for ecosystem services. Nature, 515(7525), 50. https://doi.org/10.1038/nature13945
D’Amour, C. B., Reitsma, F., Baiocchi, G., Barthel, S., Güneralp, B., Erb, K. H., et al. (2017). Future urban land expansion and implications for
global croplands. Proceedings of the National Academy of Sciences of the United States of America, 114(34), 8939–8944. https://doi.org/
10.1073/pnas.1606036114
D’Amour, C. B., Wenz, L., Kalkuhl, M., Steckel, J. C., & Creutzig, F. (2016). Teleconnected food supply shocks. Environmental Research Letters,
11(3), 035007. https://doi.org/10.1088/1748-9326/11/3/035007
D’Odorico, P., Bhattachan, A., Davis, K. F., Ravi, S., & Runyan, C. W. (2013). Global desertiﬁcation: Drivers and feedbacks. Advances in Water
Resources, 51, 326–344. https://doi.org/10.1016/j.advwatres.2012.01.013
D’Odorico, P., Carr, J. A., Laio, F., & Ridolﬁ, L. (2012). Spatial organization and drivers of the virtual water trade: A community-structure analysis.
Environmental Research Letters, 7, 034007. https://doi.org/10.1088/1748-9326/7/3/034007
D’Odorico, P., Carr, J. A., Laio, F., Ridolﬁ, L., & Vandoni, S. (2014). Feeding humanity through global food trade. Earth’s Future, 2(9), 458–469.
https://doi.org/10.1002/2014EF000250
D’Odorico, P., Laio, F., & Ridolﬁ, L. (2010). Does globalization of water reduce societal resilience to drought? Geophysical Research Letters, 37,
L13403. https://doi.org/10.1029/2010GL043167
D’Odorico, P., Natyzak, J. L., Castner, E. A., Davis, K. F., Emery, K., Gephart, J. A., et al. (2017). Ancient water supports today’s energy needs.
Earth’s Future, 5(5), 515–519. https://doi.org/10.1002/2017EF000544
D’Odorico P., & Rodriguez-Iturbe, I. (2017). Sustaining water resources. Proceedings of meeting on “Health of People and Planet: Our
Responsibility”, Pontiﬁcal Academy of Science, Vatican City, 2-4 November, 2017.
D’Odorico, P., & Rulli, M. C. (2013). The fourth food revolution. Nature Geoscience, 6(6), 417. https://doi.org/10.1038/ngeo1842
D’Odorico, P., & Rulli, M. C. (2014). The land and its people. Nature Geoscience, 7(5), 324. https://doi.org/10.1038/ngeo2153
D’Odorico, P., Rulli, M. C., Dell’Angelo, J., & Davis, K. F. (2017). New frontiers of land and water commodiﬁcation: Socioenvironmental
controversies of large-scale land acquisitions. Land Degradation and Development, 28(7), 2234–2244. https://doi.org/10.1002/ldr.2750

D’ODORICO ET AL.

517

Reviews of Geophysics

10.1029/2017RG000591

Da Silva, C. A. (2005). The growing role of contract farming in agrifood systems development: Drivers, theory and practice, working document 9.
Rome: Agricultural Management, Marketing and Finance Service, FAO.
Dalin, C., Konar, M., Hanasaki, N., Rinaldo, A., & Rodriguez-Iturbe, I. (2012). Evolution of the global virtual water trade network. Proceedings of
the National Academy of Sciences of the United States of America, 109(16), 5989–5994. https://doi.org/10.1073/pnas.1203176109
Dalin, C., & Rodríguez-Iturbe, I. (2016). Environmental impacts of food trade via resource use and greenhouse gas emissions. Environmental
Research Letters, 11(3), 035012. https://doi.org/10.1088/1748-9326/11/3/035012
Dalin, C., Wada, Y., Kastner, T., & Puma, M. J. (2017). Groundwater depletion embedded in international food trade. Nature, 543(7647),
700–704. https://doi.org/10.1038/nature21403
Dall’Osto, L., Cazzaniga, S., Bressan, M., Paleček, D., Židek, K., Niyogi, K. K., et al. (2017). Two mechanisms for dissipation of excess light in
monomeric and trimeric light-harvesting complexes. Nature Plants, 3, 17033. https://doi.org/10.1038/nplants.2017.33
Davidson, E. A., de Araújo, A. C., Artaxo, P., Balch, J. K., Foster Brown, I., Bustamante, M. M. C., et al. (2012). The Amazon basin in transition.
Nature, 481(7381), 321. https://doi.org/10.1038/nature10717
Davis, K. F., D’Odorico, P., & Rulli, M. C. (2014a). Land grabbing: A preliminary quantiﬁcation of economic impacts on rural livelihoods.
Population and Environment, 36(2), 180–192. https://doi.org/10.1007/s11111-014-0215-2
Davis, K. F., & D’Odorico, P. (2015). Livestock intensiﬁcation and the inﬂuence of dietary change: A calorie-based assessment of competition
for crop production. Science of the Total Environment, 538, 817–823. https://doi.org/10.1016/j.scitotenv.2015.08.126
Davis, K. F., D’Odorico, P., Laio, F., & Ridolﬁ, L. (2013). Global spatio-temporal patterns in human migration: A complex network perspective.
PLoS One, 8(1), e53723. https://doi.org/10.1371/journal.pone.0053723
Davis, K. F., D’Odorico, P., & Rulli, M. C. (2014b). Moderating diets to feed the future. Earth’s Future, 2(10), 559–565. https://doi.org/10.1002/
2014EF000254
Davis, K. F., Gephart, J. A., Emery, K. A., Leach, A. M., Galloway, J. N., & D’Odorico, P. (2016). Meeting future food demand with current
agricultural resources. Global Environmental Change, 39, 125–132. https://doi.org/10.1016/j.gloenvcha.2016.05.004
Davis, K. F., Rulli, M. C., Garrassino, F., Chiarelli, D., Seveso, A., & D’Odorico, P. (2017). Water limits to closing yield gaps. Advances in Water
Resources, 99, 67–75. https://doi.org/10.1016/j.advwatres.2016.11.015
Davis, K. F., Rulli, M. C., Seveso, A., & D’Odorico, P. (2017). Increased food production and reduced water use through optimized crop distribution. Nature Geoscience, 10, 919–924. https://doi.org/10.1038/s41561-017-0004-5
Davis, K. F., Seveso, A., Rulli, M. C., & D’Odorico, P. (2017). Water savings of crop redistribution in the United States. Water, 9(2), 83. https://doi.
org/10.3390/w9020083
Davis, K. F., Yu, K., Herrero, M., Havlik, P., Carr, J. A., & D’Odorico, P. (2015). Historical trade-offs of livestock’s environmental impacts.
Environmental Research Letters, 10(12), 125013. https://doi.org/10.1088/1748-9326/10/12/125013
Davis, K. F., Yu, K., Rulli, M. C., Pichdara, L., & D’Odorico, P. (2015). Accelerated deforestation by large-scale land acquisitions in Cambodia.
Nature Geoscience, 8, 772–775. https://doi.org/10.1038/NGEO2540
De Schutter, O. (2011). The green rush: The global race for farmland and the rights of land users. Harvard International LJ, 52, 503.
Debaere, P., Richter, B. D., Davis, K. F., Duvall, M. S., Gephart, J. A., O’Bannon, C. E., et al. (2014). Water markets as a response to scarcity. Water
Policy, 16(4), 625–649. https://doi.org/10.2166/wp.2014.165
DeFries, R., Mondal, P., Singh, D., Agrawal, I., Fanzo, J., Remans, R., & Wood, S. (2016). Synergies and trade-offs for sustainable agriculture:
Nutritional yields and climate-resilience for cereal crops in Central India. Global Food Security, 11, 44–53. https://doi.org/10.1016/
j.gfs.2016.07.001
DeFries, R. S., Rudel, T., Uriarte, M., & Hansen, M. (2010). Deforestation driven by urban population growth and agricultural trade in the
twenty-ﬁrst century. Nature Geoscience, 3(3), 178–181. https://doi.org/10.1038/ngeo756
Deininger, K. (2013). The global land rush. In C. B. Barrett (Ed.), Food security and sociopolitical stability (pp. 95–119). Oxford, UK: Oxford
University Press.
Deininger, K. W. (2003). Land policies for growth and poverty reduction. Washington, DC: World Bank Publications.
Delgado, C. L. (2003). Fish to 2020: Supply and demand in changing global markets, WorldFish (Vol. 62). Washington, DC:
WorldFish Center.
Delgado, C. L., Rosegrant, M. W., Steinfeld, H., Ehui, S., & Courbois, C. (1999). The coming livestock revolution. Background paper n. 6,
Department of Economic and Social Affairs, Commission of Sustainable Development, Eighth Session.
Dell’Angelo, J., D’Odorico, P., & Rulli, M. C. (2017). Threats to sustainable development posed by land and water grabbing. Current Opinion in
Environmental Sustainability, 26, 120–128.
Dell’Angelo, J., D’Odorico, P., Rulli, M. C., & Marchand, P. (2017). The tragedy of the grabbed commons: Coercion and dispossession in the
global land rush. World Development, 92, 1–12. https://doi.org/10.1016/j.worlddev.2016.11.005
Dell’Angelo, J., Rulli, M. C., & D’Odorico, P. (2018). The global water grabbing syndrome. Ecological Economics, 143, 276–285. https://doi.org/
10.1016/j.ecolecon.2017.06.033
Di Paola, A., Rulli, M. C., & Santini, M. (2017). Human food vs. animal feed debate. A thorough analysis of environmental footprints. Land Use
Policy, 67, 652–659. https://doi.org/10.1016/j.landusepol.2017.06.017
Diaz, R. J., & Rosenberg, R. (2008). Spreading dead zones and consequences for marine ecosystems. Science, 321(5891), 926–929. https://doi.
org/10.1126/science.1156401
Dile, Y. T., Karlberg, L., Temesgen, M., & Rockström, J. (2013). The role of water harvesting to achieve sustainable agricultural intensiﬁcation
and resilience against water related shocks in sub-Saharan Africa. Agriculture, Ecosystems and Environment, 181, 69–79. https://doi.org/
10.1016/j.agee.2013.09.014
Dirmeyer, P. A., & Brubaker, K. L. (2007). Characterization of the global hydrologic cycle from a back-trajectory analysis of atmospheric water
vapor. Journal of Hydrometeorology, 8(1), 20–37. https://doi.org/10.1175/JHM557.1
Distefano, T., & Kelly, S. (2017). Are we in deep water? Water scarcity and its limits to economic growth. Ecological Economics, 142, 130–147.
https://doi.org/10.1016/j.ecolecon.2017.06.019
Donati, M., Menozzi, D., Zighetti, C., Rosi, A., Zinetti, A., & Scazzina, F. (2016). Towards a sustainable diet combining economic, environmental
and nutritional objectives. Appetite, 106, 48–57. https://doi.org/10.1016/j.appet.2016.02.151
Duvail, S., Médard, C., Hamerlynck, O., & Nyingi, D. W. (2012). Land and water grabbing in an East African coastal wetland: The case of the
Tana delta. Water Alternatives, 5(2), 322.
Easter, K. W., Rosegrant, M. W., & Dinar, A. (1999). Formal and informal markets for water: Institutions, performance, and constraints. The
World Bank Research Observer, 14(1), 99–116. https://doi.org/10.1093/wbro/14.1.99
Easterling, D. R., Meehl, G. A., Parmesan, C., Changnon, S. A., Karl, T. R., & Mearns, L. O. (2000). Climate extremes: Observations, modeling, and
impacts. Science, 289(5487), 2068–2074. https://doi.org/10.1126/science.289.5487.2068

D’ODORICO ET AL.

518

Reviews of Geophysics

10.1029/2017RG000591

Eaton C., & Shepherd, A.W. (2001). Contract farming: Partnerships for growth FAO, Rome. Retrieved from http://www.fao.org/docrep/014/
y0937e/y0937e00.pdf
Ehrlich, P. R. (1968). The population bomb. New York: A Sierra Club-Ballantine book.
Ehrlich, P. R., & Holdren, J. P. (1971). Impact of population growth. Science New Series, 171(3977), 1212–1217.
Elser, J., & Bennett, E. (2011). Phosphorus cycle: A broken biogeochemical cycle. Nature, 478(7367), 29–31. https://doi.org/10.1038/478029a
Elser, J. J., Bracken, M. E., Cleland, E. E., Gruner, D. S., Harpole, W. S., Hillebrand, H., et al. (2007). Global analysis of nitrogen and phosphorus
limitation of primary producers in freshwater, marine and terrestrial ecosystems. Ecology Letters, 10(12), 1135–1142. https://doi.org/
10.1111/j.1461-0248.2007.01113.x
Eltahir, E. A., & Bras, R. L. (1996). Precipitation recycling. Reviews of Geophysics, 34(3), 367–378. https://doi.org/10.1029/96RG01927
Erb, K. H., Lauk, C., Kastner, T., Mayer, A., Theurl, M. C., & Haberl, H. (2016). Exploring the biophysical option space for feeding the world
without deforestation. Nature Communications, 7, 11382. https://doi.org/10.1038/ncomms11382
Ercin, A. E., & Hoekstra, A. Y. (2014). Water footprint scenarios for 2050: A global analysis. Environment International, 64, 71–82.
Erisman, B., Aburto-Oropeza, O., Gonzalez-Abraham, C., Mascareñas-Osorio, I., Moreno-Báez, M., & Hastings, P. A. (2012). Spatio-temporal
dynamics of a ﬁsh spawning aggregation and its ﬁshery in the Gulf of California. Scientiﬁc Reports, 2, srep00284. https://doi.org/10.1038/
srep00284
Erisman, J. W., Sutton, M. A., Galloway, J., Klimont, Z., & Winiwarter, W. (2008). How a century of ammonia synthesis changed the world. Nature
Geoscience, 1(10), 636. https://doi.org/10.1038/ngeo325
Eshel, G., Shepon, A., Makov, T., & Milo, R. (2014). Land, irrigation water, greenhouse gas, and reactive nitrogen burdens of meat, eggs, and
dairy production in the United States. Proceedings of the National Academy of Sciences of the United States of America, 111(33),
11,996–12,001. https://doi.org/10.1073/pnas.1402183111
European Union Parliament (2009). Directive 2009/28/EC of the European Parliament and of the Council of 23 April 2009 on the promotion of
the use of energy from renewable sources and amending and subsequently repealing Directives 2001/77/EC and 2003/30/EC. Ofﬁcial
Journal of the European Union, 5, 2009.
ExxonMobil (2017). The outlook for energy: A view to 2040. Retrieved from http://cdn.exxonmobil.com/~/media/global/ﬁles/
outlook-for-energy/2017/2017-outlook-for-energy.pdf
Fader, M., Gerten, D., Krause, M., Lucht, W., & Cramer, W. (2013). Spatial decoupling of agricultural production and consumption: Quantifying
dependences of countries on food imports due to domestic land and water constraints. Environmental Research Letters, 8(1), 014046.
https://doi.org/10.1088/1748-9326/8/1/014046
Fader, M., Rulli, M. C., Carr, J., Dell’Angelo, J., D’Odorico, P., Gephart, J. A., et al. (2016). Past and present biophysical redundancy of countries as
a buffer to changes in food supply. Environmental Research Letters, 11(5), 055008. https://doi.org/10.1088/1748-9326/11/5/055008
Fairhead, J., Leach, M., & Scoones, I. (2012). Green Grabbing: A new appropriation of nature? Journal of Peasant Studies, 39(2), 237–261.
https://doi.org/10.1080/03066150.2012.671770
Fajardy, M., & Mac Dowell, N. (2017). Can BECCS deliver sustainable and resource efﬁcient negative emissions? Energy & Environmental
Science, 10, 1389–1426. https://doi.org/10.1039/C7EE00465F
Falkenmark, M., & Rockström, J. (2004). Balancing water for humans and nature: The new approach in ecohydrology. London & Sterling, VA:
Earthscan.
Falkenmark, M., & Rockström, J. (2006). The new blue and green water paradigm: Breaking new ground for water resources planning
and management. Journal of Water Resources Planning and Management, 132(3), 129. https://doi.org/10.1061/(ASCE)07339496(2006)132:3(129)
FAO (Food and Agriculture Organization) (2009a). Global agriculture towards 2050. Rome: Food and Agriculture Organization of the United
Nations.
FAO (Food and Agriculture Organization) (2009b). State of food insecurity in the world 2009. Rome: Food and Agriculture Organization of the
United Nations.
FAO (Food and Agriculture Organization) (2010). International scientiﬁc symposium on biodiversity and sustainable diets, food and
agriculture organization of the United Nations Rome, Italy. Retrieved from http://www.fao.org/ag/humannutrition/biodiversity/
meetings/en/
FAO (Food and Agriculture Organization) (2011). The state of food insecurity in the world: How does international price volatility affect domestic
economies and food security? World Food Program (Vol. 99). Rome: Food and Agriculture Organization of the United Nations.
Food and Agriculture Organization (2013). The State of Food Insecurity in the World 2013. The multiple dimensions of food security. Rome: FAO
FAO (Food and Agriculture Organization) (2016). The State of World Fisheries and Aquaculture 2016. Contributing to food security and
nutrition for all (200 pp.). Rome: Food and Agriculture Organization of the United Nations.
Food and Agriculture Organization Corporate Statistical Database (2016). FISHSTAT database. Rome, Italy: Food and Agriculture Organization
of the United Nations.
Food and Agriculture Organization (2017). FAOSTAT database. Rome, Italy: Food and Agriculture Organization of the United Nations.
Fargione, J., Hill, J., Tilman, D., Polasky, S., & Hawthorne, P. (2008). Land clearing and the biofuel carbon debt. Science, 319(5867), 1235–1238.
https://doi.org/10.1126/science.1152747
Farrell, A. E., & Brandt, A. R. (2006). Risks of the oil transition. Environmental Research Letters, 1(1), 014004. https://doi.org/10.1088/1748-9326/
1/1/014004
Farrell, A. E., Plevin, R. J., Turner, B. T., Jones, A. D., O’hare, M., & Kammen, D. M. (2006). Ethanol can contribute to energy and environmental
goals. Science, 311(5760), 506–508. https://doi.org/10.1126/science.1121416
Fedoroff, N. V., Battisti, D. S., Beachy, R. N., Cooper, P. J., Fischhoff, D. A., Hodges, C. N., et al. (2010). Radically rethinking agriculture for the 21st
century. Science, 327(5967), 833–834. https://doi.org/10.1126/science.1186834
Feenstra, R. C., Inklaar, R., & Timmer, M. P. (2015). The next generation of the Penn World Table. American Economic Review, 105(10),
3150–3182.
Feldman, S., & Geisler, C. (2012). Land expropriation and displacement in Bangladesh. The Journal of Peasant Studies, 39(3-4), 971–993.
https://doi.org/10.1080/03066150.2012.661719
Fingerman, K. R., Torn, M. S., O’Hare, M. H., & Kammen, D. M. (2010). Accounting for the water impacts of ethanol production. Environmental
Research Letters, 5(1), 014020. https://doi.org/10.1088/1748-9326/5/1/014020
FISHSTAT (2016). FishStat database, food and agriculture organization of the United Nations (FAO) [Available at: http://www.fao.org/ﬁshery/
topic/166235/en]
Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. R., et al. (2005). Global consequences of land use. Science, 309(5734),
570–574. https://doi.org/10.1126/science.1111772

D’ODORICO ET AL.

519

Reviews of Geophysics

10.1029/2017RG000591

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., et al. (2011). Solutions for a cultivated planet. Nature,
478(7369), 337–342. https://doi.org/10.1038/nature10452
Foster, S. S. D., & Perry, C. J. (2010). Improving groundwater resource accounting in irrigated areas: A prerequisite for promoting sustainable
use. Hydrogeology Journal, 18(2), 291–294. https://doi.org/10.1007/s10040-009-0560-x
Franco, J., & Borras Jr, S. M. (2013). Land concentration, land grabbing and people’s struggles in Europe. Amsterdam, Brussels: Transnational
Institute, European Coordination Via Campesina. Retrieved from http://www.tni.org/brieﬁng/land-concentration-land-grabbing-andpeoples-struggles-europe-0
Fraser, E. D., Legwegoh, A., & Krishna, K. C. (2015). Food stocks and grain reserves: Evaluating whether storing food creates resilient food
systems. Journal of Environmental Studies and Sciences, 5(3), 445–458. https://doi.org/10.1007/s13412-015-0276-2
Fry, J. P., Love, D. C., MacDonald, G. K., West, P. C., Engstrom, P. M., Nachman, K. E., & Lawrence, R. S. (2016). Environmental health impacts of
feeding crops to farmed ﬁsh. Environment International, 91, 201–214. https://doi.org/10.1016/j.envint.2016.02.022
Fuglie, K., Heisey, P., King, J., Pray, C. E., & Schimmelpfennig, D. (2012). The contribution of private industry to agricultural innovation. Science,
338(6110), 1031–1032. https://doi.org/10.1126/science.1226294
Galli, A., Wackernagel, M., Iha, K., & Lazarus, E. (2014). Ecological footprint: Implications for biodiversity. Biological Conservation, 173, 121–132.
https://doi.org/10.1016/j.biocon.2013.10.019
Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P., Howarth, R. W., Cowling, E. B., & Cosby, B. J. (2003). The nitrogen cascade. AIBS
Bulletin, 53(4), 341–356. https://doi.org/10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2
Galloway, J. N., Burke, M., Bradford, G. E., Naylor, R., Falcon, W., Chapagain, A. K., et al. (2007). International trade in meat: The tip of the
pork chop. Ambio: A Journal of the Human Environment, 36(8), 622–629. https://doi.org/10.1579/0044-7447(2007)36[622:ITIMTT]2.0.CO;2
Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W., Seitzinger, S. P., et al. (2004). Nitrogen cycles: Past, present, and
future. Biogeochemistry, 70(2), 153–226. https://doi.org/10.1007/s10533-004-0370-0
Garnett, T., Appleby, M. C., Balmford, A., Bateman, I. J., Benton, T. G., Bloomer, P., et al. (2013). Sustainable intensiﬁcation in agriculture:
Premises and policies. Science, 341(6141), 33–34. https://doi.org/10.1126/science.1234485
Garthwaite, J. (2014). California drought dries up hydro, but power stays on. National Geographic, 12, 140311.
Georgescu-Roegen, N. (1971). Entropy and the economic process. Cambridge, MA: Harvard University Press.
Gephart, J. A., Davis, K. F., Emery, K. A., Leach, A. M., Galloway, J. N., & Pace, M. L. (2016). The environmental cost of subsistence: Optimizing
diets to minimize footprints. Science of the Total Environment, 553, 120–127. https://doi.org/10.1016/j.scitotenv.2016.02.050
Gephart, J. A., Deutsch, L., Pace, M. L., Troell, M., & Seekell, D. A. (2017). Shocks to ﬁsh production: Identiﬁcation, trends, and consequences.
Global Environmental Change, 42, 24–32. https://doi.org/10.1016/j.gloenvcha.2016.11.003
Gephart, J. A., & Pace, M. L. (2015). Structure and evolution of the global seafood trade network. Environmental Research Letters, 10(12),
125014. https://doi.org/10.1088/1748-9326/10/12/125014
Gephart, J. A., Pace, M. L., & D’Odorico, P. (2014). Freshwater savings from marine protein consumption. Environmental Research Letters, 9(1),
014005. https://doi.org/10.1088/1748-9326/9/1/014005
Gephart, J. A., Rovenskaya, E., Dieckmann, U., Pace, M. L., & Brännström, Å. (2016). Vulnerability to shocks in the global seafood trade network.
Environmental Research Letters, 11(3), 035008. https://doi.org/10.1088/1748-9326/11/3/035008
Gerbens-Leenes, P. W., Xu, L., Vries, G. J., & Hoekstra, A. Y. (2014). The blue water footprint and land use of biofuels from algae. Water
Resources Research, 50, 8549–8563. https://doi.org/10.1002/2014WR015710
Gerland, P., Raftery, A. E., Sevčíková, H., Li, N., Gu, D., Spoorenberg, T., et al. (2014). World population stabilization unlikely this century. Science,
346(6206), 234–237. https://doi.org/10.1126/science.1257469
Gerten, D., Heinke, J., Hoff, H., Biemans, H., Fader, M., & Waha, K. (2011). Global water availability and requirements for future food production.
Journal of Hydrometeorology, 12(5), 885–899. https://doi.org/10.1175/2011JHM1328.1
Ghosh, P. R., Sharma, S. B., Haigh, Y. T., Evers, A. B., & Ho, G. (2015). An overview of food loss and waste: Why does it matter? Cosmos, 11(01),
89–103. https://doi.org/10.1142/S0219607715500068
Giampietro, M., & Mayumi, K. (2000). Multiple-scale integrated assessment of societal metabolism: Introducing the approach. Population and
Environment, 22(2), 109–153. https://doi.org/10.1023/A:1026691623300
Gilarranz, L. J., Rayﬁeld, B., Liñán-Cembrano, G., Bascompte, J., & Gonzalez, A. (2017). Effects of network modularity on the spread of
perturbation impact in experimental metapopulations. Science, 357(6347), 199–201. https://doi.org/10.1126/science.aal4122
Gini, C. (1936). On the measure of concentration with special reference to income and statistics. Colorado College Publication, General Series,
208, 73–79.
Gleick, P. H. (1993). Water in crisis: A guide to the world’s fresh water resources (Vol. xxiv, p. 473). New York: Oxford University Press.
Gleick, P. H. (1998). The human right to water. Water Policy, 1(5), 487–503. https://doi.org/10.1016/S1366-7017(99)00008-2
Gleick, P. H. (2003). Global freshwater resources: Soft-path solutions for the 21st century. Science, 302(5650), 1524–1528. https://doi.org/
10.1126/science.1089967
Goddek, S., Delaide, B., Mankasingh, U., Ragnarsdottir, K. V., Jijakli, H., & Thorarinsdottir, R. (2015). Challenges of sustainable and commercial
aquaponics. Sustainability, 7(4), 4199–4224. https://doi.org/10.3390/su7044199
Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., et al. (2010). Food security: The challenge of feeding 9 billion
people. Science, 327(5967), 812–818. https://doi.org/10.1126/science.1185383
Godfray, H. C. J., Mason-D’Croz, D., & Robinson, S. (2016). Food system consequences of a fungal disease epidemic in a major crop.
Philosophical Transactions of the Royal Society, B: Biological Sciences, 371(1709), 20150467. https://doi.org/10.1098/rstb.2015.0467
Golden, C. D., Allison, E. H., Cheung, W. W., Dey, M. M., Halpern, B. S., McCauley, D. J., et al. (2016). Fall in ﬁsh catch threatens human health.
Nature, 534(7607), 317–320.
Goldman, M. (2007). How “Water for All!” policy became hegemonic: The power of the World Bank and its transnational policy networks.
Geoforum, 38(5), 786–800. https://doi.org/10.1016/j.geoforum.2005.10.008
Graça, J., Calheiros, M. M., & Oliveira, A. (2015). Attached to meat?(Un) Willingness and intentions to adopt a more plant-based diet. Appetite,
95, 113–125. https://doi.org/10.1016/j.appet.2015.06.024
Graça, J., Oliveira, A., & Calheiros, M. M. (2015). Meat, beyond the plate. Data-driven hypotheses for understanding consumer willingness to
adopt a more plant-based diet. Appetite, 90, 80–90. https://doi.org/10.1016/j.appet.2015.02.037
Grafton, R. Q., Williams, J., & Jiang, Q. (2017). Possible pathways and tensions in the food and water nexus. Earth’s Future, 5(5), 449–462.
https://doi.org/10.1002/2016EF000506
GRAIN (2012). The great food robbery: How corporations control food, grab land and destroy the climate. Oxford: Pambazuka Press.
Grant, S. B., Saphores, J. D., Feldman, D. L., Hamilton, A. J., Fletcher, T. D., Cook, P. L., et al. (2012). Taking the “waste” out of “wastewater” for
human water security and ecosystem sustainability. Science, 337(6095), 681–686. https://doi.org/10.1126/science.1216852

D’ODORICO ET AL.

520

Reviews of Geophysics

10.1029/2017RG000591

Grassini, P., Eskridge, K. M., & Cassman, K. G. (2013). Distinguishing between yield advances and yield plateaus in historical crop production
trends. Nature Communications, 4, 2918. https://doi.org/10.1038/ncomms3918
Grey, D., & Sadoff, C. W. (2007). Sink or swim? Water security for growth and development. Water Policy, 9(6), 545–571. https://doi.org/
10.2166/wp.2007.021
Grill, G., Lehner, B., Lumsdon, A. E., MacDonald, G. K., Zarﬂ, C., & Liermann, C. R. (2015). An index-based framework for assessing patterns and
trends in river fragmentation and ﬂow regulation by global dams at multiple scales. Environmental Research Letters, 10(1), 015001. https://
doi.org/10.1088/1748-9326/10/1/015001
Grote, U., Craswell, E., & Vlek, P. (2005). Nutrient ﬂows in international trade: Ecology and policy issues. Environmental Science and Policy, 8(5),
439–451. https://doi.org/10.1016/j.envsci.2005.05.001
Grunert, K. G., Hieke, S., & Wills, J. (2014). Sustainability labels on food products: Consumer motivation, understanding and use. Food Policy,
44, 177–189. https://doi.org/10.1016/j.foodpol.2013.12.001
Gupta, J., & Pahl-Wostl, C. (2013). Global water governance in the context of global and multilevel governance: Its need, form, and
challenges. Ecology and Society, 18(4), 53. https://doi.org/10.5751/ES-05952-180453
Gustafson, D., Gutman, A., Leet, W., Drewnowski, A., Fanzo, J., & Ingram, J. (2016). Seven food system metrics of sustainable nutrition security.
Sustainability, 8(3), 196. https://doi.org/10.3390/su8030196
Gustavsson, J., Cederberg, C., Sonesson, U., Van Otterdijk, R., & Meybeck, A. (2011). Global food losses and food waste (pp. 1–38). Rome: FAO.
Hai, X., Paerl, H. W., Boqiang, Q., Guangwei, Z., & Guang, G. (2010). Nitrogen and phosphorus inputs control phytoplankton growth in
eutrophic Lake Taihu, China. Limnology and Oceanography, 55. https://doi.org/10.4319/lo.2010.55.1.0420
Hallström, E., Carlsson-Kanyama, A., & Börjesson, P. (2015). Environmental impact of dietary change: A systematic review. Journal of Cleaner
Production, 91, 1–11. https://doi.org/10.1016/j.jclepro.2014.12.008
Hammer, R. E., Pursel, V. G., Rexroad, C. E., Wall, R. J., Bolt, D. J., Ebert, K. M., et al. (1985). Production of transgenic rabbits, sheep and pigs by
microinjection. Nature, 315(6021), 680–683.
Hanasaki, N., Inuzuka, T., Kanae, S., & Oki, T. (2010). An estimation of global virtual water ﬂow and sources of water withdrawal for major crops
and livestock products using a global hydrological model. Journal of Hydrology, 384(3), 232–244. https://doi.org/10.1016/j.
jhydrol.2009.09.028
Hanjra, M. A., Ferede, T., & Gutta, D. G. (2009). Pathways to breaking the poverty trap in Ethiopia: Investments in agricultural water, education,
and markets. Agricultural Water Management, 96(11), 1596–1604. https://doi.org/10.1016/j.agwat.2009.06.008
Hartmann, T. (2004). The last hours of ancient sunlight: The fate of the world and what we can do before it’s too late. New York: Three Rivers
Press.
Harvey, D. (2007). A brief history of neoliberalism. USA: Oxford University Press.
Harvey, M., & Pilgrim, S. (2011). The new competition for land: Food, energy, and climate change. Food Policy, 36, S40–S51. https://doi.org/
10.1016/j.foodpol.2010.11.009
Hawkes, C. (2006). Uneven dietary development: Linking the policies and processes of globalization with the nutrition transition, obesity and
diet-related chronic diseases. Globalization and Health, 2(4), 1–18.
Headey, D. (2008). Geopolitics and the effect of foreign aid on economic growth: 1970–2001. Journal of International Development, 20(2),
161–180. https://doi.org/10.1002/jid.1395
Headey, D. (2011). Rethinking the global food crisis: The role of trade shocks. Food Policy, 36(2), 136–146. https://doi.org/10.1016/
j.foodpol.2010.10.003
Headey, D., & Fan, S. (2008). Anatomy of a crisis: The causes and consequences of surging food prices. Agricultural Economics, 39(s1), 375–391.
https://doi.org/10.1111/j.1574-0862.2008.00345.x
Heathwaite, A. L. (2010). Multiple stressors on water availability at global to catchment scales: Understanding human impact on nutrient
cycles to protect water quality and water availability in the long term. Freshwater Biology, 55(s1), 241–257. https://doi.org/10.1111/
j.1365-2427.2009.02368.x
Hein, L., & Leemans, R. (2012). The impact of ﬁrst-generation biofuels on the depletion of the global phosphorus reserve. Ambio, 41(4),
341–349. https://doi.org/10.1007/s13280-012-0253-x
Heisler, J., Glibert, P. M., Burkholder, J. M., Anderson, D. M., Cochlan, W., Dennison, W. C., et al. (2008). Eutrophication and harmful algal
blooms: A scientiﬁc consensus. Harmful Algae, 8(1), 3–13. https://doi.org/10.1016/j.hal.2008.08.006
Held, I. M., & Soden, B. J. (2006). Robust responses of the hydrological cycle to global warming. Journal of Climate, 19(21), 5686–5699. https://
doi.org/10.1175/JCLI3990.1
Henders, S., Persson, U. M., & Kastner, T. (2015). Trading forests: Land-use change and carbon emissions embodied in production and exports
of forest-risk commodities. Environmental Research Letters, 10(12), 125012. https://doi.org/10.1088/1748-9326/10/12/125012
Henderson, H. (2015). Considering technical and allocative efﬁciency in the inverse farm size–productivity relationship. Journal of Agricultural
Economics, 66(2), 442–469. https://doi.org/10.1111/1477-9552.12086
Hermele, K. (2014). The appropriation of ecological space. New York: Routledge.
Herrero, M., Havlík, P., Valin, H., Notenbaert, A., Ruﬁno, M. C., Thornton, P. K., et al. (2013). Biomass use, production, feed efﬁciencies, and
greenhouse gas emissions from global livestock systems. Proceedings of the National Academy of Sciences of the United States of America,
110(52), 20,888–20,893. https://doi.org/10.1073/pnas.1308149110
Herrero, M., Thornton, P., Power, B., Bogard, J., Remans, R., Fritz, S., et al. (2017). Farming and the geography of nutrient production for human
use: A transdisciplinary analysis. The Lancet Planetary Health, 1(1), e33–e42. https://doi.org/10.1016/S2542-5196(17)30007-4
Hertel, T. W., Golub, A. A., Jones, A. D., O’Hare, M., Plevin, R. J., & Kammen, D. M. (2010). Effects of US maize ethanol on global land use
and greenhouse gas emissions: Estimating market-mediated responses. Bioscience, 60(3), 223–231. https://doi.org/10.1525/
bio.2010.60.3.8
Herzog, A. V., Lipman, T. E., Edwards, J. L., & Kammen, D. M. (2010). Renewable energy: A viable choice. Environment: Science and Policy for
Sustainable Development, 43(10), 8–20. https://doi.org/10.1080/00139150109605150
Hochman, G., Kaplan, S., Rajagopal, D., & Zilberman, D. (2012). Biofuel and food-commodity prices. Agriculture, 2(3), 272–281. https://doi.org/
10.3390/agriculture2030272
Hochman, G., Rajagopal, D., Timilsina, G., & Zilberman, D. (2014). Quantifying the causes of the global food commodity price crisis. Biomass
and Bioenergy, 68, 106–114. https://doi.org/10.1016/j.biombioe.2014.06.012
Hoes, O. A., Meijer, L. J., Van Der Ent, R. J., & Van De Giesen, N. C. (2017). Systematic high-resolution assessment of global hydropower
potential. PloS One, 12(2), e0171844. https://doi.org/10.1371/journal.pone.0171844
Hoekstra, A. Y. (2013). The water footprint of modern consumer society. New York: Routledge.
Hoekstra, A. Y., & Chapagain, A. (2008). Globalization of water. Singapore: Blackwell Publishing.

D’ODORICO ET AL.

521

Reviews of Geophysics

10.1029/2017RG000591

Hoekstra, A. Y., & Mekonnen, M. M. (2012). The water footprint of humanity. Proceedings of the National Academy of Sciences of the United
States of America, 109(9), 3232–3237. https://doi.org/10.1073/pnas.1109936109
Hoekstra, A. Y., Mekonnen, M. M., Chapagain, A. K., Mathews, R. E., & Richter, B. D. (2012). Global monthly water scarcity: Blue water footprints
versus blue water availability. PLoS One, 7(2), e32688. https://doi.org/10.1371/journal.pone.0032688
Hoekstra, A. Y., & Wiedmann, T. O. (2014). Humanity’s unsustainable environmental footprint. Science, 344, 1114–1117. https://doi.org/
10.1126/science.1248365
Huang, J., Xu, C. C., Ridoutt, B. G., Wang, X. C., & Ren, P. A. (2017). Nitrogen and phosphorus losses and eutrophication potential associated with fertilizer application to cropland in China. Journal of Cleaner Production, 159, 171–179. https://doi.org/10.1016/j.
jclepro.2017.05.008
Huitema, D., Mostert, E., Egas, W., Moellenkamp, S., Pahl-Wostl, C., & Yalcin, R. (2009). Adaptive water governance: Assessing the institutional
prescriptions of adaptive (co-) management from a governance perspective and deﬁning a research agenda. Ecology and Society, 14(1), 26.
Hunter, M. C., Smith, R. G., Schipanski, M. E., Atwood, L. W., & Mortensen, D. A. (2017). Agriculture in 2050: Recalibrating targets for sustainable
intensiﬁcation. Bioscience, 67(4), 386–391. https://doi.org/10.1093/biosci/bix010
International Assessment of Agricultural Knowledge, Science and Technology for Development (2009). Agriculture at a crossroads: The global
report of the International Assessment of Agricultural Knowledge, Science, and Technology. Washington, DC: Island Press.
International Energy Agency (2012). World energy outlook 2012. Paris: International Energy Agency.
International Energy Agency (2015). World energy outlook 2015. Paris: International Energy Agency.
International Energy Agency (2016). World energy outlook 2016. Paris: International Energy Agency.
International Energy Agency (2017). World energy outlook 2017. Paris: International Energy Agency.
International Food Policy Research Institute (2016). Global nutrition report 2016: From promise to impact: Ending malnutrition by 2030.
Washington, DC: International Food Policy Research Institute.
ILC (2011). International Land Coalition, Global assembly 2011, Tirana, Albania, May 24–27, 2011. Retrieved from http://www.landcoalition.
org/about-us/aom2011/tirana-declaration
Ingram, J. (2011). A food systems approach to researching food security and its interactions with global environmental change. Food Security,
3(4), 417–431. https://doi.org/10.1007/s12571-011-0149-9
IPCC (Intergovernmental Panel on Climate Change) (2013). In T. F. Stocker, et al. (Eds.), Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (1535 pp.). Cambridge, UK
and New York: Cambridge University Press.
Islar, M. (2012). Privatised hydropower development in Turkey: A case of water grabbing? Water Alternatives, 5(2), 376.
Jägermeyr, J., Gerten, D., Schaphoff, S., Heinke, J., Lucht, W., & Rockström, J. (2016). Integrated crop water management might sustainably
halve the global food gap. Environmental Research Letters, 11(2), 025002. https://doi.org/10.1088/1748-9326/11/2/025002
Jägermeyr, J., Pastor, A., Biemans, H., & Gerten, D. (2017). Reconciling irrigated food production with environmental ﬂows for Sustainable
Development Goals implementation. Nature Communications, 8, 15900. https://doi.org/10.1038/ncomms15900
Jalava, M., Guillaume, J. H. A., Kummu, M., Porkka, M., Siebert, S., & Varis, O. (2016). Diet change and food loss reduction: What is their
combined impact on global water use and scarcity? Earth’s Future, 4(3), 62–78. https://doi.org/10.1002/2015EF000327
Jalava, M., Kummu, M., Porkka, M., Siebert, S., & Varis, O. (2014). Diet change—A solution to reduce water use? Environmental Research Letters,
9(7), 074016. https://doi.org/10.1088/1748-9326/9/7/074016
Jarvie, H. P., Sharpley, A. N., Flaten, D., Kleinman, P. J., Jenkins, A., & Simmons, T. (2015). The pivotal role of phosphorus in a resilient
water–energy–food security nexus. Journal of Environmental Quality, 44(4), 1049–1062. https://doi.org/10.2134/jeq2015.01.0030
Johansson, T. B., Patwardhan, A., Nakicenovic, N., Gomez-Echeverri, L., & Turkenburg, W. C. (2012). Global Energy Assessment – Toward a
Sustainable Future. Cambridge UK and New York, Laxenburg, Austria: Cambridge University Press, and the International Institute for
Applied Systems Analysis.
Jones, A. D., Hoey, L., Blesh, J., Miller, L., Green, A., & Shapiro, L. F. (2016). A systematic review of the measurement of sustainable diets.
Advances in Nutrition: An International Review Journal, 7(4), 641–664. https://doi.org/10.3945/an.115.011015
Jones, K., Magliocca, N. R., & Hondula, K. (2017). White paper: An overview of conceptual frameworks, analytical approaches and research
questions in the food-energy-water nexus. https://doi.org/10.13016/M2BK10
Kaack, L. H., & Katul, G. G. (2013). Fifty years to prove Malthus right. Proceedings of the National Academy of Sciences of the United States of
America, 110(11), 4161–4162. https://doi.org/10.1073/pnas.1301246110
Kammen, D. M. (1995). Cookstoves for the developing world. Scientiﬁc American, 273(1), 72–75. Retrieved from http://www.jstor.org/stable/
24981454
Kammen, D. M. (2006). The rise of renewable energy. Scientiﬁc American, 295(3), 84–93. Retrieved from http://www.jstor.org/stable/26068966
Kammen, D. M., & Dove, M. R. (1997). The virtues of mundane science. Environment: Science and Policy for Sustainable Development, 39(6),
10–41. https://doi.org/10.1080/00139159709603654
Karagiannis, I. C., & Soldatos, P. G. (2008). Water desalination cost literature: Review and assessment. Desalination, 223(1-3), 448–456. https://
doi.org/10.1016/j.desal.2007.02.071
Kastner, T., Erb, K. H., & Haberl, H. (2014). Rapid growth in agricultural trade: Effects on global area efﬁciency and the role of management.
Environmental Research Letters, 9(3), 034015. https://doi.org/10.1088/1748-9326/9/3/034015
Kastner, T., Kastner, M., & Nonhebel, S. (2011). Tracing distant environmental impacts of agricultural products from a consumer perspective.
Ecological Economics, 70(6), 1032–1040. https://doi.org/10.1016/j.ecolecon.2011.01.012
Kastner, T., Rivas, M. J. I., Koch, W., & Nonhebel, S. (2012). Global changes in diets and the consequences for land requirements for food.
Proceedings of the National Academy of Sciences, 109(18), 6868–6872. https://doi.org/10.1073/pnas.1117054109
Katul, G. G., Oren, R., Manzoni, S., Higgins, C., & Parlange, M. B. (2012). Evapotranspiration: A process driving mass transport and energy
exchange in the soil-plant-atmosphere-climate system. Reviews of Geophysics, 50, RG3002. https://doi.org/10.1029/2011RG000366
Keeler, B. L., Gourevitch, J. D., Polasky, S., Isbell, F., Tessum, C. W., Hill, J. D., & Marshall, J. D. (2016). The social costs of nitrogen. Science
Advances, 2(10), e1600219.
Keys, P. W., Wang-Erlandsson, L., Gordon, L. J., Galaz, V., & Ebbesson, J. (2017). Approaching moisture recycling governance. Global
Environmental Change, 45, 15–23. https://doi.org/10.1016/j.gloenvcha.2017.04.007
Khoury, C. K., Bjorkman, A. D., Dempewolf, H., Ramirez-Villegas, J., Guarino, L., Jarvis, A., et al. (2014). Increasing homogeneity in global food
supplies and the implications for food security. Proceedings of the National Academy of Sciences of the United States of America, 111(11),
4001–4006. https://doi.org/10.1073/pnas.1313490111
King, C. W., Holman, A. S., & Webber, M. E. (2008). Thirst for energy. Nature Geoscience, 1(5), 283–286. https://doi.org/10.1038/ngeo195
Klare, M. (2012). The race for what’s left: The global scramble for the world’s last resources. New York: Metropolitan Books, Henry Holt & Co.

D’ODORICO ET AL.

522

Reviews of Geophysics

10.1029/2017RG000591

Konar, M., Dalin, C., Hanasaki, N., Rinaldo, A., & Rodriguez-Iturbe, I. (2012). Temporal dynamics of blue and green virtual water trade networks.
Water Resources Research, 48, W07509. https://doi.org/10.1029/2012WR011959
Konar, M., Dalin, C., Suweis, S., Hanasaki, N., Rinaldo, A., & Rodriguez-Iturbe, I. (2011). Water for food: The global virtual water trade network.
Water Resources Research, 47, W05520. https://doi.org/10.1029/2010WR010307
Konar, M., Evans, T. P., Levy, M., Scott, C. A., Troy, T. J., Vorosmarty, C. J., & Sivapalan, M. (2016). Water resources sustainability in a globalizing
world: Who uses the water? Hydrological Processes, 30(18), 3330–3336.
Konar, M., Hussein, Z., Hanasaki, N., Mauzerall, D. L., & Rodriguez-Iturbe, I. (2013). Virtual water trade ﬂows and savings under climate change.
Hydrology and Earth System Sciences, 17, 3219–3234. https://doi.org/10.5194/hess-17-3219-2013
Konar, M., Reimer, J. J., Hussein, Z., & Hanasaki, N. (2016a). The water footprint of staple crop trade under climate and policy scenarios.
Environmental Research Letters, 11(3), 035006.
Konikow, L. F. (2011). Contribution of global groundwater depletion since 1900 to sea-level rise. Geophysical Research Letters, 38, L17401.
https://doi.org/10.1029/2011GL048604
Korhoner, J., Honkasalo, A., & Seppala, J. (2018). Circular economy: The concept and its limitations. Ecological Economics, 142, 37–48.
Kromdijk, J., Głowacka, K., Leonelli, L., Gabilly, S. T., Iwai, M., Niyogi, K. K., & Long, S. P. (2016). Improving photosynthesis and crop productivity
by accelerating recovery from photoprotection. Science, 354(6314), 857–861. https://doi.org/10.1126/science.aai8878
Kugelman, M., & Levenstein, S. (2013). The global farms race: Land grabs, agricultural investment, and the scramble for food security.
Washington, DC: Island Press.
Kummu, M., de Moel, H., Porkka, M., Siebert, S., Varis, O., & Ward, P. J. (2012). Lost food, wasted resources: Global food supply chain losses and
their impacts on freshwater, cropland, and fertiliser use. Science of the Total Environment, 438, 477–489. https://doi.org/10.1016/
j.scitotenv.2012.08.092
Kummu, M., & Varis, O. (2011). The world by latitudes: A global analysis of human population, development level and environment across the
north–south axis over the past half century. Applied Geography, 31(2), 495–507. https://doi.org/10.1016/j.apgeog.2010.10.009
Laio, F., Ridolﬁ, L., & D’Odorico, P. (2016). The past and future of food stocks. Environmental Research Letters, 11(3), 035010. https://doi.org/
10.1088/1748-9326/11/3/035010
Lambin, E. F., & Meyfroidt, P. (2011). Global land use change, economic globalization, and the looming land scarcity. Proceedings of the
National Academy of Sciences of the United States of America, 108(9), 3465–3472. https://doi.org/10.1073/pnas.1100480108
Lapola, D. M., Schaldach, R., Alcamo, J., Bondeau, A., Koch, J., Koelking, C., & Priess, J. A. (2010). Indirect land-use changes can overcome
carbon savings from biofuels in Brazil. Proceedings of the National Academy of Sciences of the United States of America, 107(8), 3388–3393.
https://doi.org/10.1073/pnas.0907318107
Lark, T. J., Salmon, J. M., & Gibbs, H. K. (2015). Cropland expansion outpaces agricultural and biofuel policies in the United States.
Environmental Research Letters, 10(4), 044003. https://doi.org/10.1088/1748-9326/10/4/044003
Lassaletta, L., Billen, G., Grizzetti, B., Garnier, J., Leach, A. M., & Galloway, J. N. (2014). Food and feed trade as a driver in the global nitrogen
cycle: 50-year trends. Biogeochemistry, 118(1-3), 225–241. https://doi.org/10.1007/s10533-013-9923-4
Lawrence, D., & Vandekar, K. (2015). Effects of tropical deforestation on climate and agriculture. Nature Climate Change, 5, 27–36. https://doi.
org/10.1038/nclimate2430
Leach, A. M., Majidi, A. N., Galloway, J. N., & Greene, A. J. (2013). Toward institutional sustainability: A nitrogen footprint model for a university.
Sustainability: The Journal of Record, 6(4), 211–219. https://doi.org/10.1089/sus.2013.9852
Leach, A. M., Emery, K. A., Gephart, J., Davis, K. F., Erisman, J. W., Leip, A., et al. (2016). Environmental impact food labels combining carbon,
nitrogen, and water footprints. Food Policy, 61, 213–223. https://doi.org/10.1016/j.foodpol.2016.03.006
Lee, R. (2011). The outlook for population growth. Science, 333(6042), 569–573. https://doi.org/10.1126/science.1208859
Lenzen, M., Moran, D., Kanemoto, K., Foran, B., Lobefaro, L., & Geschke, A. (2012). International trade drives biodiversity threats in developing
nations. Nature, 486(7401), 109–112. https://doi.org/10.1038/nature11145
Lesk, C., Rowhani, P., & Ramankutty, N. (2016). Inﬂuence of extreme weather disasters on global crop production. Nature, 529(7584), 84–87.
https://doi.org/10.1038/nature16467
Li, J., Glibert, P. M., Zhou, M., Lu, S., & Lu, D. (2009). Relationships between nitrogen and phosphorus forms and ratios and the development of
dinoﬂagellate blooms in the East China Sea. Marine Ecology Progress Series, 383, 11–26. https://doi.org/10.3354/meps07975
Lilliston, B., & Ranallo, A. (2012). Grain reserves and the food price crisis: Selected writings from 2008–2012 Minneapolis: Institute for
Agriculture and Trade Policy
Lisk, F. (2013). “Land grabbing” or harnessing of development potential in agriculture? East Asia’s land-based investments in Africa. The
Paciﬁc Review, 26(5), 563–587. https://doi.org/10.1080/09512748.2013.842314
Liu, J., Mao, G., Hoekstra, A. Y., Wang, H., Wang, J., Zheng, C., & Yan, J. (2017). Managing the energy-water-food nexus for sustainable
development. Applied Energy, 210, 377–381. https://doi.org/10.1016/j.apenergy.2017.10.064
Liu, J., Mooney, H., Hull, V., Davis, S. J., Gaskell, J., Hertel, T., et al. (2015). Systems integration for global sustainability. Science, 347(6225),
1258832. https://doi.org/10.1126/science.1258832
Lobell, D. B., & Azzari, G. (2017). Satellite detection of rising maize yield heterogeneity in the US Midwest. Environmental Research Letters,
12(1), 014014. https://doi.org/10.1088/1748-9326/aa5371
Lobell, D. B., & Field, C. B. (2007). Global scale climate–crop yield relationships and the impacts of recent warming. Environmental Research
Letters, 2(1), 014002. https://doi.org/10.1088/1748-9326/2/1/014002
Lobell, D. B., Schlenker, W., & Costa-Roberts, J. (2011). Climate trends and global crop production since 1980. Science, 333(6042), 616–620.
https://doi.org/10.1126/science.1204531
Lyapunov, A. M. (1992). The general problem of the stability of motion. International Journal of Control, 55(3), 531–534. https://doi.org/
10.1080/00207179208934253
MacDonald, G. K. (2013). Eating on an interconnected planet. Environmental Research Letters, 8(2), 021002. https://doi.org/10.1088/
1748-9326/8/2/021002
MacDonald, G. K., Bennett, E. M., & Carpenter, S. R. (2012). Embodied phosphorus and the global connections of United States agriculture.
Environmental Research Letters, 7(4), 044024. https://doi.org/10.1088/1748-9326/7/4/044024
MacDonald, G. K., Brauman, K. A., Sun, S., Carlson, K. M., Cassidy, E. S., Gerber, J. S., & West, P. C. (2015). Rethinking agricultural trade
relationships in an era of globalization. Bioscience, 65(3), 275–289. https://doi.org/10.1093/biosci/biu225
MacDonald, G. K., Jarvie, H. P., Withers, P. J. A., Doody, D. G., Keeler, B. L., Haygarth, P. M., et al. (2016). Guiding phosphorus stewardship for
multiple ecosystem services. Ecosystem Health and Sustainability, 2(12). https://doi.org/10.1002/ehs2.1251
Maga, E. A. (2005). Genetically engineered livestock: Closer than we think? Trends in Biotechnology, 23(11), 533–535. https://doi.org/10.1016/
j.tibtech.2005.08.003

D’ODORICO ET AL.

523

Reviews of Geophysics

10.1029/2017RG000591

Malthus, T. (1798). In A. Flew (Ed.), An essay on the principle of population (1st ed.). London, UK: Penguin English Library.
Marchand, P., Carr, J. A., Dell’Angelo, J., Fader, M., Gephart, J. A., Kummu, M., et al. (2016). Reserves and trade jointly determine exposure to
food supply shocks. Environmental Research Letters, 11(9), 095009. https://doi.org/10.1088/1748-9326/11/9/095009
Matondi, P. B., & Mutopo, P. (2011). Attracting foreign direct investment in Africa in the context of land grabbing for biofuels and food
security. Biofuels, land grabbing and food security in Africa, 68–89.
Matson, P. A., Parton, W. J., Power, A. G., & Swift, M. J. (1997). Agricultural intensiﬁcation and ecosystem properties. Science, 277(5325),
504–509. https://doi.org/10.1126/science.277.5325.504
Matthews, N. (2012). Water grabbing in the Mekong basin—An analysis of the winners and losers of Thailand’s hydropower development in
Lao PDR. Water Alternatives, 5(2), 392.
Mattick, C. S., Landis, A. E., Allenby, B. R., & Genovese, N. J. (2015). Anticipatory life cycle analysis of in vitro biomass cultivation for cultured
meat production in the United States. Environmental Science and Technology, 49(19), 11,941–11,949. https://doi.org/10.1021/acs.
est.5b01614
May, R. M., Levin, S. A., & Sugihara, G. (2008). Complex systems: Ecology for bankers. Nature, 451, 893–894.
McCarl, B. A., Yang, Y., Schwabe, K., Engel, B. A., Mondal, A. H., Ringler, C., & Pistikopoulos, E. N. (2017). Model use in WEF nexus analysis: A
review of issues. Current Sustainable/Renewable Energy Reports, 1–9. https://doi.org/10.1007/s40518-017-0078-0
McCord, P., Dell’Angelo, J., Baldwin, E., & Evans, T. (2016). Polycentric transformation in Kenyan water. Governance: A Dynamic Analysis of
Institutional and Social-Ecological Change. Policy Studies Journal. https://doi.org/10.1111/psj.12168
McIntyre, P. B., Liermann, C. A. R., & Revenga, C. (2016). Linking freshwater ﬁshery management to global food security and biodiversity
conservation. Proceedings of the National Academy of Sciences of the United States of America, 113(45), 12,880–12,885. https://doi.org/
10.1073/pnas.1521540113
McSweeney, C. F., & Jones, R. G. (2016). How representative is the spread of climate projections from the 5 CMIP5 GCMs used in ISI-MIP?
Climate Services, 1, 24–29. https://doi.org/10.1016/j.cliser.2016.02.001
Meadows, D. H., Meadows, D. L., & Randers, J. B. W. W. (1972). The limits to growth. A report for the club of Rome’s project on the predicament
of mankind.
Medek, D. E., Schwartz, J., & Myers, S. S. (2017). Estimated effects of future atmospheric CO2 concentrations on protein intake and the risk of
protein deﬁciency by country and region. Environmental Health Perspectives, 125(8), 087002. https://doi.org/10.1289/EHP41
Mehta, L., Veldwisch, G. J., & Franco, J. (2012). Introduction to the special issue: Water grabbing? Focus on the (re)appropriation of ﬁnite water
resources. Water Alternatives, 5(2), 193.
Meinzen-Dick, R. (2007). Beyond panaceas in water institutions. Proceedings of the National Academy of Sciences of the United States of
America, 104(39), 15,200–15,205. https://doi.org/10.1073/pnas.0702296104
Mekonnen, M., & Hoekstra, A. Y. (2011a). The green, blue and grey water footprint of crops and derived crop products. Hydrology and Earth
System Sciences, 15(5), 1577–1600.
Mekonnen, M. M., & Hoekstra, A. Y. (2010). The green, blue and grey water footprint of farm animals and animal products. Value of Water
Research Report Series No. 48, UNESCO-IHE, Delft, the Netherlands.
Mekonnen, M. M., & Hoekstra, A. Y. (2011b). National water footprint accounts: The green, blue and grey water footprint of production and
consumption. Delft, the Netherlands: Unesco-IHE Institute for Water Eucation.
Mekonnen, M. M., & Hoekstra, A. Y. (2012). A global assessment of the water footprint of farm animal products. Ecosystems, 15(3), 401–415.
https://doi.org/10.1007/s10021-011-9517-8
Mekonnen, M. M., & Hoekstra, A. Y. (2016). Four billion people facing severe water scarcity. Science Advances, 2(2), e1500323. https://doi.org/
10.1126/sciadv.1500323
Metson, G. S., Iwaniec, D. M., Baker, L. A., Bennett, E. M., Childers, D. L., Cordell, D., et al. (2015). Urban phosphorus sustainability: Systemically
incorporating social, ecological, and technological factors into phosphorus ﬂow analysis. Environmental Science and Policy, 47, 1–11.
https://doi.org/10.1016/j.envsci.2014.10.005
Meyfroidt, P., & Lambin, E. F. (2011). Global forest transition: Prospects for an end to deforestation. Annual Review of Environment and
Resources, 36, 343–371. https://doi.org/10.1146/annurev-environ-090710-143732
Meyfroidt, P., Lambin, E. F., Erb, K. H., & Hertel, T. W. (2013). Globalization of land use: Distant drivers of land change and geographic
displacement of land use. Current Opinion in Environmental Sustainability, 5(5), 438–444. https://doi.org/10.1016/j.cosust.2013.04.003
Michalak, A. M. (2016). Study role of climate change in extreme threats to water quality. Nature, 535(7612), 349–352.
Mielke, E., Anadon, L. D., & Narayanamurti, V. (2010). Water consumption of energy resource extraction, processing, and conversion. Cambridge,
MA: Belfer Center for Science and International Affairs.
Mihelcic, J. R., Fry, L. M., & Shaw, R. (2011). Global potential of phosphorus recovery from human urine and feces. Chemosphere, 84(6),
832–839. https://doi.org/10.1016/j.chemosphere.2011.02.046
Millennium Ecosystem Assessment (2005). Synthesis report. Washington, DC: Island.
Misselhorn, A., Aggarwal, P., Ericksen, P., Gregory, P., Horn-Phathanothai, L., Ingram, J., & Wiebe, K. (2012). A vision for attaining food security.
Current Opinion in Environmental Sustainability, 4(1), 7–17. https://doi.org/10.1016/j.cosust.2012.01.008
Misselhorn, A. A. (2005). What drives food insecurity in southern Africa? A meta-analysis of household economy studies. Global
Environmental Change, 15(1), 33–43. https://doi.org/10.1016/j.gloenvcha.2004.11.003
Mistry, M. N., Wing, I. S., & De Cian, E. (2017). Simulated vs. empirical weather responsiveness of crop yields: US evidence and
implications for the agricultural impacts of climate change. Environmental Research Letters, 12(7), 075007. https://doi.org/10.1088/
1748-9326/aa788c
Mitchell, J., Singh, P., Wallender, W., Munk, D., Wroble, J., Horwath, W., et al. (2012). No-tillage and high-residue practices reduce soil water
evaporation. California Agriculture, 66(2), 55–61. https://doi.org/10.3733/ca.v066n02p55
Mittal, A. (2009). The 2008 food price crisis: Rethinking food security policies. U.N.
Molden, D., Oweis, T., Steduto, P., Bindraban, P., Hanjra, M. A., & Kijne, J. (2010). Improving agricultural water productivity: Between optimism
and caution. Agricultural Water Management, 97(4), 528–535. https://doi.org/10.1016/j.agwat.2009.03.023
Molle, F. (2008). Nirvana concepts, storylines and policy models: Insights from the water sector. Water alternatives, 1(1), 131.
Molle, F., Mollinga, P. P., & Wester, P. (2009). Hydraulic bureaucracies and the hydraulic mission: Flows of water, ﬂows of power. Water
alternatives, 2(3), 328–349.
Montgomery, D. R. (2007). Is agriculture eroding civilization’s foundation? GSA Today, 17(10), 4. https://doi.org/10.1130/GSAT01710A.1
Motesharrei, S., Rivas, J., Kalnay, E., Asrar, G. R., Busalacchi, A. J., Cahalan, R. F., et al. (2016). Modeling sustainability: Population, inequality,
consumption, and bidirectional coupling of the Earth and Human Systems. National Science Review, 3(4), 470–494. https://doi.org/
10.1093/nsr/nww081

D’ODORICO ET AL.

524

Reviews of Geophysics

10.1029/2017RG000591

Mueller, N. D., Butler, E. E., McKinnon, K. A., Rhines, A., Tingley, M., Holbrook, N. M., & Huybers, P. (2015). Cooling of US Midwest summer
temperature extremes from cropland intensiﬁcation. Nature Climate Change, 6(3), 317–322. https://doi.org/10.1038/NCLIMATE2825
Mueller, N. D., Gerber, J. S., Johnston, M., Ray, D. K., Ramankutty, N., & Foley, J. A. (2012). Closing yield gaps through nutrient and water
management. Nature, 490(7419), 254–257. https://doi.org/10.1038/nature11420
Mueller, N. D., Rhines, A., Butler, E. E., Ray, D. K., Ray, D. K., Siebert, S., et al. (2017). Global relationships between cropland intensiﬁcation and
summer temperature extremes over the last 50 years. Journal of Climate, 30, 7505–7528. https://doi.org/10.1175/JCLI-D-17-0096.1
Mueller, N. D., West, P. C., Gerber, J. S., MacDonald, G. K., Polasky, S., & Foley, J. A. (2014). A tradeoff frontier for global nitrogen use and cereal
production. Environmental Research Letters, 9(5), 054002. https://doi.org/10.1088/1748-9326/9/5/054002
Muller, M., Biswas, A., Martin-Hurtado, R., & Tortajada, C. (2015). Built infrastructure is essential. Science, 349(6248), 585–586. https://doi.org/
10.1126/science.aac7606
Myers, S. S., Zanobetti, A., Kloog, I., Huybers, P., Leakey, A. D. B., Bloom, A. J., et al. (2014). Increasing CO2 threatens human nutrition. Nature,
510(7503), 139–142. https://doi.org/10.1038/nature13179
Naeem, S., & Li, S. (1977). Biodiversity enhances ecosystem reliability. Nature, 390, 507–509.
Narula, S. (2010). Reclaiming the right to food as a normative response to the global food crisis. Yale Human Rights and Development LJ, 13,
403–420.
Natyzak, J. L., Castner, E. A., D’Odorico, P., & Galloway, J. N. (2017). Virtual water as a metric for institutional sustainability. Sustainability: The
Journal of Record, 10(4), 237–245. https://doi.org/10.1089/sus.2017.0004
Naylor, R. (2011). Expanding the boundaries of agricultural development. Food Security, 3(2), 233. https://doi.org/10.1007/s12571-011-0123-6
Naylor, R. L., Liska, A. J., Burke, M. B., Falcon, W. P., Gaskell, J. C., Rozelle, S. D., & Cassman, K. G. (2007). The ripple effect: Biofuels, food
security, and the environment. Environment: Science and Policy for Sustainable Development, 49(9), 30–43. https://doi.org/10.3200/
ENVT.49.9.30-43
Neef, A. (2009). Transforming rural water governance: Towards deliberative and polycentric models? Water Alternatives, 2(1), 53.
Nelson, E., Mendoza, G., Regetz, J., Polasky, S., Tallis, H., Richard Cameron, D., et al. (2009). Modeling multiple ecosystem services, biodiversity
conservation, commodity production, and tradeoffs at landscape scales. Frontiers in Ecology and the Environment, 7(1), 4–11. https://doi.
org/10.1890/080023
Nerini, F. F., Tomei, J., To, L. S., Bisaga, I., Parikh, P., Black, M., et al. (2017). Mapping synergies and trade-offs between energy and the
sustainable development goals. Nature Energy, 3, 10–15.
Nesme, T., Roques, S., Metson, G. S., & Bennett, E. M. (2016). The surprisingly small but increasing role of international agricultural trade on the
European Union’s dependence on mineral phosphorus fertiliser. Environmental Research Letters, 11(2), 025003. https://doi.org/10.1088/
1748-9326/11/2/025003
Newman, N. E. J. (2006). Modularity and community structure in networks. Proceedings of the National Academy of Sciences of the United
States of America, 103(23), 8577–8582.
Nilsson, C., Reidy, C. A., Dynesius, M., & Revenga, C. (2005). Fragmentation and ﬂow regulation of the world’s large river systems. Science,
308(5720), 405–408. https://doi.org/10.1126/science.1107887
Nolte, K., Chamberlain, W., & Giger, M. (2016). International land deals for agriculture. Fresh insights from the Land Matrix: Analytical Report II.
Northey, S. A., Mudd, G. M., Saarivuori, E., Wessman-Jääskeläinen, H., & Haque, N. (2016). Water footprinting and mining: Where are the
limitations and opportunities? Journal of Cleaner Production, 135, 1098–1116.
Northey, S. A., Mudd, G. M., Werner, T. T., Jowitt, S. M., Haque, N., Yellishetty, M., & Weng, Z. (2017). The exposure of global base metal
resources to water criticality, scarcity and climate change. Global Environmental Change, 44, 109–124.
O’Bannon, C., Carr, J., Seekell, D. A., & D’Odorico, P. (2014). Globalization of agricultural pollution due to international trade. Hydrology and
Earth System Sciences, 18(2), 503. https://doi.org/10.5194/hess-18-503-2014
Oberlack, C., Tejada, L., Messerli, P., Rist, S., & Giger, M. (2016). Sustainable livelihoods in the global land rush? Archetypes of livelihood
vulnerability and sustainability potentials. Global Environmental Change, 41, 153–171. https://doi.org/10.1016/j.gloenvcha.2016.10.001
Ockenden, M. C., Hollaway, M. J., Beven, K. J., Collins, A. L., Evans, R., Falloon, P. D., et al. (2017). Major agricultural changes required to mitigate
phosphorus losses under climate change. Nature Communications, 8. https://doi.org/10.1038/s41467-017-00232-0
Organisation for Economic Co-operation and Development/FAO (2016). Agricultural outlook 2016–2025.
Oki, T., & Kanae, S. (2004). Virtual water trade and world water resources. Water Science and Technology, 49(7), 203–209.
Oki, T., & Kanae, S. (2006). Global hydrological cycles and world water resources. Science, 313(5790), 1068–1072. https://doi.org/10.1126/
science.1128845
Oki, T., Yano, S., & Hanasaki, N. (2017). Economic aspects of virtual water trade. Environmental Research Letters, 12(4), 044002. https://doi.org/
10.1088/1748-9326/aa625f
Okin, G. S. (2017). Environmental impacts of food consumption by dogs and cats. PLoS One, 12(8), e0181301. https://doi.org/10.1371/journal.
pone.0181301
Oonincx, D. G., & de Boer, I. J. (2012). Environmental impact of the production of mealworms as a protein source for humans—A life cycle
assessment. PLoS One, 7(12), e51145. https://doi.org/10.1371/journal.pone.0051145
Ort, D. R., Merchant, S. S., Alric, J., Barkan, A., Blankenship, R. E., Bock, R., et al. (2015). Redesigning photosynthesis to sustainably meet global
food and bioenergy demand. Proceedings of the National Academy of Sciences of the United States of America, 112(28), 8529–8536. https://
doi.org/10.1073/pnas.1424031112
Ostrom, E. (1990). Governing the commons. Cambridge: Cambridge University Press.
Ostrom, E. (2007). A diagnostic approach for going beyond panaceas. Proceedings of the National Academy of Sciences, 104(39), 15,181–15,187.
https://doi.org/10.1073/pnas.0702288104
Ostrom, E. (2010a). Beyond markets and states: Polycentric governance of complex economic systems. Transnational Corporations Review,
2(2), 1–12.
Ostrom, E. (2010b). Polycentric systems for coping with collective action and global environmental change. Global Environmental Change,
20(4), 550–557. https://doi.org/10.1016/j.gloenvcha.2010.07.004
Page, E. A. (2008). Distributing the burdens of climate change. Environmental Politics, 17(4), 556–575. https://doi.org/10.1080/
09644010802193419
Pahlow, M., Van Oel, P. R., Mekonnen, M. M., & Hoekstra, A. Y. (2015). Increasing pressure on freshwater resources due to terrestrial
feed ingredients for aquaculture production. Science of the Total Environment, 536, 847–857. https://doi.org/10.1016/
j.scitotenv.2015.07.124
Pahl-Wostl, C., Lebel, L., Knieper, C., & Nikitina, E. (2012). From applying panaceas to mastering complexity: Toward adaptive water
governance in river basins. Environmental Science and Policy, 23, 24–34. https://doi.org/10.1016/j.envsci.2012.07.014

D’ODORICO ET AL.

525

Reviews of Geophysics

10.1029/2017RG000591

Palmer, M. A., Liu, J., Matthews, J. H., Mumba, M., & D’Odorico, P. (2015). Manage water in a green way. Science, 349(6248), 584–585. https://
doi.org/10.1126/science.aac7778
Parﬁtt, J., Barthel, M., & Macnaughton, S. (2010). Food waste within food supply chains: Quantiﬁcation and potential for change to 2050.
Philosophical Transactions of the Royal Society of London B: Biological Sciences, 365(1554), 3065–3081. https://doi.org/10.1098/
rstb.2010.0126
Parolari, A. J., Katul, G. G., & Porporato, A. (2015). The Doomsday Equation and 50 years beyond: New perspectives on the human-water
system. Wiley Interdisciplinary Reviews: Water, 2(4), 407–414. https://doi.org/10.1002/wat2.1080
Pastor, A. V., Ludwig, F., Biemans, H., Hoff, H., & Kabat, P. (2014). Accounting for environmental ﬂow requirements in global water
assessments. Hydrology and Earth System Sciences, 18(12), 5041–5059. https://doi.org/10.5194/hess-18-5041-2014
Peplow, M. (2017). Enzymes offer waste-to-energy solution. Science, 355(6332), 1360–1361. https://doi.org/10.1126/science.355.6332.1360
Perignon, M., Masset, G., Ferrari, G., Barré, T., Vieux, F., Maillot, M., et al. (2016). How low can dietary greenhouse gas emissions be reduced
without impairing nutritional adequacy, affordability and acceptability of the diet? A modelling study to guide sustainable food choices.
Public Health Nutrition, 19(14), 2662–2674. https://doi.org/10.1017/S1368980016000653
Perignon, M., Vieux, F., Soler, L. G., Masset, G., & Darmon, N. (2017). Improving diet sustainability through evolution of food choices: Review of
epidemiological studies on the environmental impact of diets. Nutrition Reviews, 75(1), 2–17. https://doi.org/10.1093/nutrit/nuw043
Perugini, L., Caporaso, L., Marconi, S., Cescatti, A., Quesada, B., de Noblet-Ducoudré, N., & I House J. and Arneth, A. (2017). Biophysical effects
on temperature and precipitation due to land cover change. Environmental Research Letters, 12(5), 053002. https://doi.org/10.1088/
1748-9326/aa6b3f
Pfeiffer, L., & Lin, C. Y. C. (2010). The effect of irrigation technology on groundwater use. Choices, 25(3).
Phalan, B., Balmford, A., Green, R. E., & Scharlemann, J. P. (2011). Minimising the harm to biodiversity of producing more food globally. Food
Policy, 36, S62–S71. https://doi.org/10.1016/j.foodpol.2010.11.008
Phillips, T. (2008). Genetically modiﬁed organisms (GMOs): Transgenic crops and recombinant DNA technology. Nature Education, 1(1), 213.
Pimentel, D., & Pimentel, M. H. (Eds.) (2007). Food, energy, and society. Boca Raton, FL: CRC press.
Pingali, P. L. (2012). Green revolution: Impacts, limits, and the path ahead. Proceedings of the National Academy of Sciences of the United States
of America, 109(31), 12,302–12,308. https://doi.org/10.1073/pnas.0912953109
Poff, N. L., Allan, J. D., Bain, M. B., Karr, J. R., Prestegaard, K. L., Richter, B. D., et al. (1997). The natural ﬂow regime. Bioscience, 47(11), 769–784.
https://doi.org/10.2307/1313099
Poff, N. L., Brown, C. M., Grantham, T. E., Matthews, J. H., Palmer, M. A., Spence, C. M., et al. (2016). Sustainable water management under
future uncertainty with eco-engineering decision scaling. Nature Climate Change, 6(1), 25–34. https://doi.org/10.1038/nclimate2765
Pohjolainen, P., Vinnari, M., & Jokinen, P. (2015). Consumers’ perceived barriers to following a plant-based diet. British Food Journal, 117(3),
1150–1167. https://doi.org/10.1108/BFJ-09-2013-0252
Polanyi, K. (1944). The great transformation. The political and economic origins of our time (Vol. 2001). Boston: Beacon Press.
Polimeni, J., Mayumi, K., Giampietro, M., & Alcott, B. (2008). Jevons’ paradox: The myth of resource efﬁciency improvements earthscan
research edition.
Popkin, B. M., & Gordon-Larsen, P. (2004). The nutrition transition: Worldwide obesity dynamics and their determinants. International Journal
of Obesity, 28(S3), S2. https://doi.org/10.1038/sj.ijo.0802804
Porkka, M., Guillaume, J. H., Siebert, S., Schaphoff, S., & Kummu, M. (2017). The use of food imports to overcome local limits to growth. Earth’s
Future. https://doi.org/10.1002/2016EF000477
Porkka, M., Kummu, M., Siebert, S., & Varis, O. (2013). From food insufﬁciency towards trade dependency: A historical analysis of global food
availability. PLoS One, 8(12), e82714. https://doi.org/10.1371/journal.pone.0082714
Pöschl, U., Martin, S. T., Sinha, B., Chen, Q., Gunthe, S. S., Huffman, J. A., et al. (2010). Rainforest aerosols as biogenic nuclei of clouds and
precipitation in the Amazon. Science, 329(5998), 1513–1516. https://doi.org/10.1126/science.1191056
Post, M. J. (2012). Cultured meat from stem cells: Challenges and prospects. Meat Science, 92(3), 297–301. https://doi.org/10.1016/
j.meatsci.2012.04.008
Postel, S., & Richter, B. (2003). Rivers for life: Managing water for people and nature. Washington, DC: Island Press.
Postel, S. L., Daily, G. C., & Ehrlich, P. R. (1996). Human appropriation of renewable fresh water. Science, 785–788.
Potere, D., & Schneider, A. (2007). A critical look at representations of urban areas in global maps. GeoJournal, 69(1-2), 55–80. https://doi.org/
10.1007/s10708-007-9102-z
Pradhan, P., Costa, L., Rybski, D., Lucht, W., & Kropp, J. P. (2017). A systematic study of Sustainable Development Goal (SDG) interactions.
Earth’s Future, 5(11), 1169–1179.
Pradhan, P., Fischer, G., van Velthuizen, H., Reusser, D. E., & Kropp, J. P. (2015). Closing yield gaps: How sustainable can we be? PLoS One, 10(6),
e0129487. https://doi.org/10.1371/journal.pone.0129487
Prentice, A. M., & Jebb, S. A. (1995). Obesity in Britain: Gluttony or sloth? BMJ [British Medical Journal], 311(7002), 437.
Puma, M. J., Bose, S., Chon, S. Y., & Cook, B. I. (2015). Assessing the evolving fragility of the global food system. Environmental Research Letters,
10(2), 024007. https://doi.org/10.1088/1748-9326/10/2/024007
Puma, M. J., & Cook, B. I. (2010). Effects of irrigation on global climate during the 20th century. Journal of Geophysical Research, 115, D16120.
https://doi.org/10.1029/2010JD014122
Rabalais, N. N., Diaz, R. J., Levin, L. A., Turner, R. E., Gilbert, D., & Zhang, J. (2010). Dynamics and distribution of natural and human-caused
hypoxia. Biogeosciences, 7(2), 585–619. https://doi.org/10.5194/bg-7-585-2010
Ramankutty, N., Evan, A. T., Monfreda, C., & Foley, J. A. (2008). Farming the planet: 1. Geographic distribution of global agricultural lands in the
year 2000. Global Biogeochemical Cycles, 22, GB1003. https://doi.org/10.1029/2007GB002952
Ravi, S., Lobell, D. B., & Field, C. B. (2014). Tradeoffs and synergies between biofuel production and large solar infrastructure in deserts.
Environmental Science and Technology, 48(5), 3021–3030. https://doi.org/10.1021/es404950n
Ray, D. K., & Foley, J. A. (2013). Increasing global crop harvest frequency: Recent trends and future directions. Environmental Research Letters,
8(4), 044041. https://doi.org/10.1088/1748-9326/8/4/044041
Ray, D. K., Gerber, J. S., MacDonald, G. K., & West, P. C. (2015). Climate variation explains a third of global crop yield variability. Nature
Communications, 6. https://doi.org/10.1038/ncomms6989
Ray, D. K., Nair, U. S., Lawton, R. O., Welch, R. M., & Pielke, R. A. (2006). Impact of land use on Costa Rican tropical montane cloud forests:
Sensitivity of orographic cloud formation to deforestation in the plains. Journal of Geophysical Research, 111, B02108. https://doi.org/
10.1029/2005JD006096
Ray, D. K., Ramankutty, N., Mueller, N. D., West, P. C., & Foley, J. A. (2012). Recent patterns of crop yield growth and stagnation. Nature
Communications, 3, 1293. https://doi.org/10.1038/ncomms2296

D’ODORICO ET AL.

526

Reviews of Geophysics

10.1029/2017RG000591

Rayner, G., Hawkes, C., Lang, T., & Bello, W. (2006). Trade liberalization and the diet transition: A public health response. Health Promotion
International, 21(suppl_1), 67–74. https://doi.org/10.1093/heapro/dal053
Reuveny, R. (2007). Climate change-induced migration and violent conﬂict. Political Geography, 26(6), 656–673. https://doi.org/10.1016/
j.polgeo.2007.05.001
Riahi, K., & Roehrl, R. A. (2000). Greenhouse gas emissions in a dynamics-as-usual scenario of economic and energy development.
Technological Forecasting and Social Change, 63(2), 175–205. https://doi.org/10.1016/S0040-1625(99)00111-0
Richter, B. (2014). Chasing water: A guide for moving from scarcity to sustainability. Washington, DC: Island Press.
Richter, B. (2016). Water Share: Using Water Markets and Impact Investment to Drive Sustainability. The Nature Conservancy, Washington,
DC.
Richter, B. D., Davis, M. M., Apse, C., & Konrad, C. (2012). A presumptive standard for environmental ﬂow protection. River Research and
Applications, 28(8), 1312–1321. https://doi.org/10.1002/rra.1511
Ringler, C., Bhaduri, A., & Lawford, R. (2013). The nexus across water, energy, land and food (WELF): Potential for improved resource use
efﬁciency? Current Opinion in Environmental Sustainability, 5(6), 617–624. https://doi.org/10.1016/j.cosust.2013.11.002
Robertson, B., & Pinstrup-Andersen, P. (2010). Global land acquisition: Neo-colonialism or development opportunity? Food Security, 2(3),
271–283. https://doi.org/10.1007/s12571-010-0068-1
Rockström, J., Falkenmark, M., Lannerstad, M., & Karlberg, L. (2012). The planetary water drama: Dual task of feeding humanity and curbing
climate change. Geophysical Research Letters, 39, L14403. https://doi.org/10.1029/2012GL051688
Rockström, J., Steffen, W., Noone, K., Persson, Å., Chapin, F. S. III, Lambin, E. F., et al. (2009). A safe operating space for humanity. Nature,
461(7263), 472–475. https://doi.org/10.1038/461472a
Rodríguez-Labajos, B., & Martínez-Alier, J. (2015). Political ecology of water conﬂicts. Wiley Interdisciplinary Reviews: Water, 2(5), 537–558.
https://doi.org/10.1002/wat2.1092
Rosa, L., Davis, K. F., Rulli, M. C., & D’Odorico, P. (2017). Environmental consequences of oil production from oil sands. Earth’s Future, 5(2),
158–170. https://doi.org/10.1002/2016EF000484
Rosa, L., Rulli, M. C., Davis, K. F., & D’Odorico, P. (2018). The water-energy nexus of hydraulic fracturing: A global hydrologic analysis for shale
oil and gas extraction. Earth’s Future, 6(5), 745–756. https://doi.org/10.1002/2018EF000809
Rosegrant, M. W., & Binswanger, H. P. (1994). Markets in tradable water rights: Potential for efﬁciency gains in developing country water
resource allocation. World Development, 22(11), 1613–1625. https://doi.org/10.1016/0305-750X(94)00075-1
Rosegrant, M. W., Meijer, M. S., Witcover, J., & Paisner, M. (2001). Global food projections to 2020: Emerging trends and alternative futures (No.
E14 141). Washington, DC: International Food Policy Research Institute.
Rosegrant, M. W., Ringler, C., & Zhu, T. (2009). Water for agriculture: Maintaining food security under growing scarcity. Annual Review of
Environment and Resources, 34. https://doi.org/10.1146/annurev.environ.030308.090351
Rosenzweig, C., Elliott, J., Deryng, D., Ruane, A. C., Müller, C., Arneth, A., et al. (2014). Assessing agricultural risks of climate change in the 21st
century in a global gridded crop model intercomparison. Proceedings of the National Academy of Sciences of the United States of America,
111(9), 3268–3273. https://doi.org/10.1073/pnas.1222463110
Rost, S., Gerten, D., Bondeau, A., Lucht, W., Rohwer, J., & Schaphoff, S. (2008). Agricultural green and blue water consumption and its inﬂuence
on the global water system. Water Resources Research, 44, W09405. https://doi.org/10.1029/2007WR006331
Rowe, H., Withers, P. J. A., Baas, P., Chan, N. I., Doody, D., Holiman, J., et al. (2016). Integrating legacy soil phosphorus into sustainable nutrient
management strategies for future food, bioenergy and water security. Nutrient Cycling in Agroecosystems, 104(3), 393–412. https://doi.org/
10.1007/s10705-015-9726-1
Rowe, M. D., Anderson, E. J., Wang, J., & Vanderploeg, H. A. (2015). Modeling the effect of invasive quagga mussels on the spring
phytoplankton bloom in Lake Michigan. Journal of Great Lakes Research, 41(Suppl 3), 49–65.
Ruby, M. (2016). Introduction Montana Chapter of the Wildlife Society 54th annual meetIng, 2016 Wildlife Restoration Celebrating
Conservation Success and Facing Future Challenges. Intermountain Journal of Sciences, 22(4), 91.
Rulli, M. C., Bellomi, D., Cazzoli, A., De Carolis, G., & D’Odorico, P. (2016). The water-land-food nexus of ﬁrst-generation biofuels. Scientiﬁc
Reports, 6, 22521. https://doi.org/10.1038/srep22521
Rulli, M. C., & D’Odorico, P. (2014). Food appropriation through large scale land acquisitions. Environmental Research Letters, 9(6), 064030.
https://doi.org/10.1088/1748-9326/9/6/064030
Rulli, M. C., & D’Odorico, P. (2013). The water footprint of land grabbing. Geophysical Research Letters, 40, 6130–6135. https://doi.org/10.1002/
2013GL058281
Rulli, M. C., Saviori, A., & D’Odorico, P. (2013). Global land and water grabbing. Proceedings of the National Academy of Sciences of the United
States of America, 110(3), 892–897. https://doi.org/10.1073/pnas.1213163110
Runyan, C. W., & D’Odorico, P. (2016). Global deforestation (p. 248). New York: Cambridge University Press. https://doi.org/10.1017/
CBO9781316471548
Sachs, J. D. (2015). The age of sustainable development. New York: Columbia University Press.
Sacks, W. J., Cook, B. I., Buenning, N., Levis, S., & Helkowski, J. H. (2009). Effects of global irrigation on the near-surface climate. Climate
Dynamics, 33(2-3), 159–175. https://doi.org/10.1007/s00382-008-0445-z
Salati, E., Dall’Olio, A., Matsui, E., & Gat, J. R. (1979). Recycling of water in the Amazon basin: An isotopic study. Water Resources Research, 15(5),
1250–1258. https://doi.org/10.1029/WR015i005p01250
Samberg, L. H., Gerber, J. S., Ramankutty, N., Herrero, M., & West, P. C. (2016). Subnational distribution of average farm size and smallholder
contributions to global food production. Environmental Research Letters, 11(12), 124010. https://doi.org/10.1088/1748-9326/11/12/124010
Sartori, M., Schiavo, S., Fracasso, A., & Riccaboni, M. (2017). Modeling the future evolution of the virtual water trade network: A combination of
network and gravity models. Advances in Water Resources, 110, 538–548.
Sattari, S. Z., Van Ittersum, M. K., Giller, K. E., Zhang, F., & Bouwman, A. F. (2014). Key role of China and its agriculture in global sustainable
phosphorus management. Environmental Research Letters, 9(5), 054003. https://doi.org/10.1088/1748-9326/9/5/054003
Scanlon, B. R., Reedy, R. C., & Nicot, J. P. (2014a). Comparison of water use for hydraulic fracturing for unconventional oil and gas versus
conventional oil. Environmental Science and Technology, 48(20), 12,386–12,393. https://doi.org/10.1021/es502506v
Scanlon, B. R., Reedy, R. C., & Nicot, J. P. (2014b). Will water scarcity in semiarid regions limit hydraulic fracturing of shale plays? Environmental
Research Letters, 9(12), 124011. https://doi.org/10.1088/1748-9326/9/12/124011
Scanlon, B. R., Ruddell, B. L., Reed, P. M., Hook, R. I., Zheng, C., Tidwell, V. C., & Siebert, S. (2017). The food-energy-water nexus: Transforming
science for society. Water Resources Research, 53, 3550–3556. https://doi.org/10.1002/2017WR020889
Scheidel, A., & Sorman, A. H. (2012). Energy transitions and the global land rush: Ultimate drivers and persistent consequences. Global
Environmental Change, 22(3), 588–595. https://doi.org/10.1016/j.gloenvcha.2011.12.005

D’ODORICO ET AL.

527

Reviews of Geophysics

10.1029/2017RG000591

Scherer, L., & Pﬁster, S. (2016). Global water footprint assessment of hydropower. Renewable Energy, 99, 711–720. https://doi.org/10.1016/
j.renene.2016.07.021
Schipanski, M. E., & Bennett, E. M. (2012). The inﬂuence of agricultural trade and livestock production on the global phosphorus cycle.
Ecosystems, 15(2), 256–268. https://doi.org/10.1007/s10021-011-9507-x
Schipanski, M. E., & Drinkwater, L. E. (2012). Nitrogen ﬁxation in annual and perennial legume-grass mixtures across a fertility gradient. Plant
and Soil, 357(1-2), 147–159. https://doi.org/10.1007/s10021-011-9507-x
Schipanski, M. E., MacDonald, G. K., Rosenzweig, S., Chappell, M. J., Bennett, E. M., Kerr, R. B., et al. (2016). Realizing resilient food systems.
Bioscience, 66(7), 600–610. https://doi.org/10.1093/biosci/biw052
Schlesinger, P. (1991). Media, the political order and national identity. Media, Culture and Society, 13(3), 297–308. https://doi.org/10.1177/
016344391013003002
Schlesinger, W. H. (2009). On the fate of anthropogenic nitrogen. Proceedings of the National Academy of Sciences, 106(1), 203–208. https://
doi.org/10.1073/pnas.0810193105
Scott, C. A., Vicuña, S., Blanco-Gutiérrez, I., Meza, F., & Varela-Ortega, C. (2014). Irrigation efﬁciency and water-policy implications for river
basin resilience. Hydrology and Earth System Sciences, 18(4), 1339. https://doi.org/10.5194/hess-18-1339-2014
Scown, C. D., Horvath, A., & McKone, T. E. (2011). Water footprint of US transportation fuels. Environmental Science and Tecnhology, 45(7),
2541–2553. https://doi.org/10.1021/es102633h
Searchinger, T., Heimlich, R., Houghton, R. A., Dong, F., Elobeid, A., Fabiosa, J., et al. (2008). Use of US croplands for biofuels
increases greenhouse gases through emissions from land-use change. Science, 319(5867), 1238–1240. https://doi.org/10.1126/
science.1151861
Seekell, D., Carr, J., Dell’Angelo, J., D’Odorico, P., Fader, M., Gephart, J., et al. (2017). Resilience in the global food system. Environmental
Research Letters, 12(2), 025010. https://doi.org/10.1088/
1748-9326/aa5730
Seekell, D. A., D’Odorico, P., & Pace, M. L. (2011). Virtual water transfers unlikely to redress inequality in global water use. Environmental
Research Letters, 6(2), 024017. https://doi.org/10.1088/1748-9326/6/2/024017
Segal, M., & Arritt, R. W. (1992). Nonclassical mesoscale circulations caused by surface sensible heat-ﬂux gradients. Bulletin of the American
Meteorological Society, 73(10), 1593–1604. https://doi.org/10.1175/1520-0477(1992)073%3C1593:NMCCBS%3E2.0.CO;2
Segal, M., Pan, Z., Turner, R. W., & Takle, E. S. (1998). On the potential impact of irrigated areas in North America on summer rainfall caused by
large-scale systems. Journal of Applied Meteorology, 37(3), 325–331. https://doi.org/10.1175/1520-0450-37.3.325
Selby, J. (2005). Oil and water: The contrasting anatomies of resource conﬂicts. Government and Opposition, 40(2), 200–224. https://doi.org/
10.1111/j.1477-7053.2005.00150.x
Sen, A. (1981). Poverty and famines: An essay on entitlement and deprivation. Oxford: Oxford University Press.
Sen, A. (1982). The food problem: Theory and policy. Third World Quarterly, 4(3), 447–459. https://doi.org/10.1080/01436598208419641
Shaﬁee-Jood, M., & Cai, X. (2016). Reducing food loss and waste to enhance food security and environmental sustainability. Environmental
Science & Technology, 50(16), 8432–8443. https://doi.org/10.1021/acs.est.6b01993
Shepon, A., Eshel, G., Noor, E., & Milo, R. (2018). The opportunity cost of animal based diets exceeds all food losses. Proceedings of the National
Academy of Sciences, 201713820.
Siciliano, G. (2014). Rural-urban migration and domestic land grabbing in China. Population, Space and Place, 20(4), 333–351. https://doi.org/
10.1002/psp.1830
Siebert, S., & Döll, P. (2010). Quantifying blue and green virtual water contents in global crop production as well as potential production
losses without irrigation. Journal of Hydrology, 384(3), 198–217. https://doi.org/10.1016/j.jhydrol.2009.07.031
Siebert, S., Henrich, V., Frenken, K., & Burke, J. (2013). Update of the digital global map of irrigation areas to version 5. Rome, Italy: Rheinische
Friedrich-Wilhelms-Universität, Bonn, Germany and Food and Agriculture Organization of the United Nations.
Sinha, E., Michalak, A. M., & Balaji, V. (2017). Eutrophication will increase during the 21st century as a result of precipitation changes. Science,
357(6349), 405–408. https://doi.org/10.1126/science.aan2409
Skinner, J., & Cotula, L. (2011). Are land deals driving “water grabs”. Brieﬁng: The Global Land Rush. IIED, London. Retrieved from http://pubs.
iied. org/1702IIED. html.
Smajgl, A., Ward, J., & Pluschke, L. (2016). The water–food–energy nexus—Realising a new paradigm. Journal of Hydrology, 533, 533–540.
https://doi.org/10.1016/j.jhydrol.2015.12.033
Smil, V. (2000). Phosphorus in the environment: Natural ﬂows and human interferences. Annual Review of Energy and the Environment, 25(1),
53–88. https://doi.org/10.1146/annurev.energy.25.1.53
Smil, V. (2004). Enriching the Earth: Fritz Haber, Carl Bosch, and the transformation of world food production. Cambridge, MA: MIT Press.
Smit, B., Reimer, J. A., Oldenburg, C. M., & Bourg, I. C. (2014). Introduction to carbon capture and sequestration (1). London: World Scientiﬁc.
Imperial College Press.
Sobota, D. J., Compton, J. E., McCrackin, M. L., & Singh, S. (2015). Cost of reactive nitrogen release from human activities to the environment in
the United States. Environmental Research Letters, 10(2), 025006. https://doi.org/10.1088/1748-9326/10/2/025006
Sosa, M., & Zwarteveen, M. (2012). Exploring the politics of water grabbing: The case of large mining operations in the Peruvian Andes. Water
Alternatives, 5(2), 360.
Spiker, M. L., Hiza, H. A., Siddiqi, S. M., & Neff, R. A. (2017). Wasted food, wasted nutrients: Nutrient loss from wasted food in the United
States and comparison to gaps in dietary intake. Journal of the Academy of Nutrition and Dietetics, 117(7), 1031–1040.e22. https://doi.org/
10.1016/j.jand.2017.03.015
Stahel, W. R. (2016). Circular economy: A new relationship with our goods and materials would save resources and energy and create local
jobs. Nature, 531(7595), 435–439.
Steffen, W., Crutzen, P. J., & McNeill, J. R. (2007). The Anthropocene: Are humans now overwhelming the great forces of nature. Ambio: A
Journal of the Human Environment, 36(8), 614–621. https://doi.org/10.1579/0044-7447(2007)36[614:TAAHNO]2.0.CO;2
Steffen, W., Richardson, R., Rockström, J., Cornell, S. E., Fetzer, I., Bennett, E. M., et al. (2015). Planetary boundaries: Guiding human development on a changing planet. Science, 347(6223), 1259855. https://doi.org/10.1126/science.1259855
Steinfeld, H., Gerber, P., Wassenaar, T. D., Castel, V., & de Haan, C. (2006). Livestock’s long shadow: Environmental issues and options. Rome:
FAO.
Stouffer, D. B., & Bascompte, J. (2011). Compartmentalization increases food-web persistence. Proceedings of the National Academy of
Sciences of the United States of America, 108(9), 3648–3652. https://doi.org/10.1073/pnas.1014353108
St-Pierre, N. R., Cobanov, B., & Schnitkey, G. (2003). Economic losses from heat stress by US livestock industries. Journal of Dairy Science, 86,
E52–E77. https://doi.org/10.3168/jds.S0022-0302(03)74040-5

D’ODORICO ET AL.

528

Reviews of Geophysics

10.1029/2017RG000591

Strobl, E., & Strobl, R. O. (2011). The distributional impact of large dams: Evidence from cropland productivity in Africa. Journal of
Development Economics, 96(2011), 432–450. https://doi.org/10.1016/j.jdeveco.2010.08.005
Strogatz, S. H. (2014). Nonlinear dynamics and chaos: With applications to physics, biology, chemistry, and engineering. Boulder, CO: Westview
Press.
Stuart, T. (2009). Waste: Uncovering the global food scandal. WW Norton and Company. Penguin Books: London.
Suweis, S., Carr, J. A., Maritan, A., Rinaldo, A., & D’Odorico, P. (2015). Resilience and reactivity of global food security. Proceedings of the
National Academy of Sciences, 112(22), 6902–6907. https://doi.org/10.1073/pnas.1507366112
Suweis, S., Konar, M., Dalin, C., Hanasaki, N., Rinaldo, A., & Rodriguez-Iturbe, I. (2011). Structure and controls of the global virtual water trade
network. Geophysical Research Letters, 38, L10403. https://doi.org/10.1029/2011GL046837
Suweis, S., Rinaldo, A., Maritan, A., & D’Odorico, P. (2013). Water-controlled wealth of nations. Proceedings of the National Academy of Sciences,
110(11), 4230–4233. https://doi.org/10.1073/pnas.1222452110
Swyngedouw, E. (2005). Dispossessing H2O: The contested terrain of water privatization. Capitalism Nature Socialism, 16(1), 81–98. https://
doi.org/10.1080/1045575052000335384
Swyngedouw, E., Kaika, M., & Castro, E. (2002). Urban water: A political-ecology perspective. Built Environment, 124–137.
Tacon, A. G., Metian, M. R., Tacon, M. A. G., Hasan, M. R., & Metian, M. (2011). Demand and supply of feed ingredients for farmed ﬁsh and
crustaceans: Trends and prospects (No. 639.51 TAC). Fisheries and Aquaculture Technical Paper No. 564. Rome: FAO.
Tamea, S., Allamano, P., Carr, J. A., Claps, P., Laio, F., & Ridolﬁ, L. (2013). Local and global perspectives on the virtual water trade. Hydrology and
Earth System Sciences, 17(3), 1205–1215. https://doi.org/10.5194/hess-17–1205-2013
Tamea, S., Carr, J. A., Laio, F., & Ridolﬁ, L. (2014). Drivers of the virtual water trade. Water Resources Research, 50(1), 17–28. https://doi.org/
10.1002/2013WR014707
Tamea, S., Laio, F., & Ridolﬁ, L. (2015). Vulnerability of countries to food-production crises propagating in the virtual water trade network. In
AGU Fall Meeting Abstracts.
Tamea, S., Laio, F., & Ridolﬁ, L. (2016). Global effects of local food-production crises: A virtual water perspective. Scientiﬁc Reports,
6(18803). https://doi.org/10.1038/srep18803
Taranu, Z. E., Gregory-Eaves, I., Leavitt, P. R., Bunting, L., Buchaca, T., Catalan, J., et al. (2015). Acceleration of cyanobacterial dominance in
north temperate-subarctic lakes during the Anthropocene. Ecology Letters, 18(4), 375–384. https://doi.org/10.1111/ele.12420
Taylor, R. G., Scanlon, B., Döll, P., Rodell, M., van Beek, R., Wada, Y., et al. (2013). Ground water and climate change. Nature Climate Change, 3(4),
322.
Thi, N. B. D., Kumar, G., & Lin, C. Y. (2015). An overview of food waste management in developing countries: Current status and future perspective. Journal of Environmental Management, 157, 220–229. https://doi.org/10.1016/j.jenvman.2015.04.022
Thornton, P. K. (2010). Livestock production: Recent trends, future prospects. Philosophical Transactions of the Royal Society of London B:
Biological Sciences, 365(1554), 2853–2867. https://doi.org/10.1098/rstb.2010.0134
Tilman, D., Balzer, C., Hill, J., & Befort, B. L. (2011). Global food demand and the sustainable intensiﬁcation of agriculture. Proceedings of the
National Academy of Sciences of the United States of America, 108(50), 20,260–20,264. https://doi.org/10.1073/pnas.1116437108
Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R., & Polasky, S. (2002). Agricultural sustainability and intensive production practices. Nature,
418(6898), 671. https://doi.org/10.1038/nature01014
Tilman, D., & Clark, M. (2014). Global diets link environmental sustainability and human health. Nature, 515(7528), 518–522. https://doi.org/
10.1038/nature13959
Tilman, D., Socolow, R., Foley, J. A., Hill, J., Larson, E., Lynd, L., et al. (2009). Beneﬁcial biofuels—The food, energy, and environment trilemma.
Science, 325(5938), 270–271. https://doi.org/10.1126/science.1177970
Timmer, C. P. (2000). The macro dimensions of food security: Economic growth, equitable distribution, and food price stability. Food Policy,
25(3), 283–295. https://doi.org/10.1016/S0306-9192(00)00007-5
Toft, K. H. (2012). A global solution to land grabbing? An institutional cosmopolitan approach. In Climate change and sustainable development
(pp. 69–74). Wageningen, Netherlands: Wageningen Academic Publishers. https://doi.org/10.3920/978-90-8686-753-0_8
Torres, I. V. (2012). Water grabbing in the Cauca basin: The capitalist exploitation of water and dispossession of afro-descendant
communities. Water Alternatives, 5(2), 421.
Trimmer, J. T., Cusick, R. D., & Guest, J. S. (2017). Amplifying progress toward multiple development goals through resource recovery from
sanitation. Environmental Science and Technology. https://doi.org/10.1021/acs.est.7b02147
Troell, M., Naylor, R. L., Metian, M., Beveridge, M., Tyedmers, P. H., Folke, C., et al. (2014). Does aquaculture add resilience to the global food
system? Proceedings of the National Academy of Sciences of the United States of America, 111(37), 13,257–13,263. https://doi.org/10.1073/
pnas.1404067111
Tropp, H. (2007). Water governance: Trends and needs for new capacity development. Water Policy, 9(S2), 19–30. https://doi.org/10.2166/
wp.2007.137
Tscharntke, T., Clough, Y., Wanger, T. C., Jackson, L., Motzke, I., Perfecto, I., et al. (2012). Global food security, biodiversity conservation and the
future of agricultural intensiﬁcation. Biological Conservation, 151(1), 53–59. https://doi.org/10.1016/j.biocon.2012.01.068
Tubiello, F. N., Salvatore, M., Rossi, S., Ferrara, A., Fitton, N., & Smith, P. (2013). The FAOSTAT database of greenhouse gas emissions from
agriculture. Environmental Research Letters, 8(1), 015009. https://doi.org/10.1088/1748-9326/8/1/015009
Tuninetti, M., Tamea, S., D’Odorico, P., Laio, F., & Ridolﬁ, L. (2015). Global sensitivity of high-resolution estimates of crop water footprint. Water
Resources Research, 51, 8257–8272. https://doi.org/10.1002/2015WR017148
Tuninetti, M., Tamea, S., Laio, F., & Ridolﬁ, L. (2016). To trade or not to trade: Link prediction in the virtual water network. Advances in Water
Resources. https://doi.org/10.1016/j.advwatres.2016.08.013
Tuninetti, M., Tamea, S., Laio, F., & Ridolﬁ, L. (2017). A Fast-Track approach to deal with the temporal dimension of crop water footprint.
Environmental Research Letters. https://doi.org/10.1088/1748-9326/aa6b09
Tuomisto, H. L., & Teixeira de Mattos, M. J. (2011). Environmental impacts of cultured meat production. Environmental Science and
Technology, 45(14), 6117–6123. https://doi.org/10.1021/es200130u
UN (1948). The universal declaration of human rights, Article 25, United Nations General Assembly, 10 December, 1948, Resolution 217 A III
(New York, The United Nations)
UN (1966). International covenant on economic social and cultural right, Article 11, United Nations General Assembly, 16 December, 1966,
Resolution 2200 A XXI (New York, The United Nations)
UN (1999). The world at six billion, United Nations Secretariat, Department of Economic and Social Affairs.
UN (2010). Resolution A/RES/64/292. United Nations General Assembly, July 2010.
UN (2015). Transforming our world: The 2030 agenda for sustainable development. A/RES/70/1, 21 October.

D’ODORICO ET AL.

529

Reviews of Geophysics

10.1029/2017RG000591

UN (2016). Sustainable development goals. Retrieved from http://www.un.org/sustainabledevelopment/sustainable-development-goals/,
Last accessed: June 2018.
UN Department of Economic and Social Affairs (2015). World population prospects: The 2015 revision, key ﬁndings and advance tables.
Working PaperNo.
UN Sustainable Development Goals (2016). Sustainable Development Goals, United Nations. Retrieved from http://www.un.org/ga/search/
view_doc.asp?symbol=A/RES/70/1andLang=E
UN Water (2013). Water security and the global water agenda: A UN-Water analytical brief. Hamilton, ON: UN University Institute for Water,
Environment and Health.
U.S. Congress (2007). Biofuels security act of senate.
U.S. Department of Energy (2014). The water-energy nexus: Challenges and opportunities. Washington, DC: U.S. DOE. Retrieved from http://
energy.gov/downloads/water-energy-nexus-challenges-and-opportunities
U.S. Department of Energy (2006). Energy demands on water resources: Report to Congress on the interdependency of energy and water (p. 1).
Washington DC: U.S. Department of Energy.
U.S. Geological Survey (2000). Coal-bed methane: Potential and Concerns, USGS Fact Sheet FS–123–00, October 2000. Baltimore, MD.
Van der Ent, R. J., Savenije, H. H., Schaeﬂi, B., & Steele-Dunne, S. C. (2010). Origin and fate of atmospheric moisture over continents. Water
Resources Research, 46, W09525. https://doi.org/10.1029/2010WR009127
Van der Zaag, P., & Gupta, J. (2008). Scale issues in the governance of water storage projects. Water Resources Research, 44, W10417. https://
doi.org/10.1029/2007WR006364
Van Dingenen, R., Dentener, F. J., Raes, F., Krol, M. C., Emberson, L., & Cofala, J. (2009). The global impact of ozone on agricultural crop
yields under current and future air quality legislation. Atmospheric Environment, 43(3), 604–618. https://doi.org/10.1016/
j.atmosenv.2008.10.033
Van Huis, A. (2013). Potential of insects as food and feed in assuring food security. Annual Review of Entomology, 58, 563–583. https://doi.org/
10.1146/annurev-ento-120811-153704
van Huis, A., Itterbeeck, J. V., Klunder, H., Mertens, E., Halloran, A., Muir, G., & Vantomme, P. (2013). Edible insects: future prospects for food
and feed security. Food and Agriculture Organization of the UN (FAO). Rome, Italy.
van Ittersum, M. K., van Bussel, L. G. J., Wolf, J., Grassini, P., van Wart, J., Guilpart, N., et al. (2016). Can sub-Saharan Africa feed itself?
Proceedings of the National Academy of Sciences of the United States of America, 113(52), 14,964–14,969. https://doi.org/10.1073/
pnas.1610359113
Van Vliet, J. A., Schut, A. G., Reidsma, P., Descheemaeker, K., Slingerland, M., van de Ven, G. W., & Giller, K. E. (2015). De-mystifying family
farming: Features, diversity and trends across the globe. Global Food Security, 5, 11–18. https://doi.org/10.1016/j.gfs.2015.03.001
Varis, O., Keskinen, M., & Kummu, M. (2017). Four dimensions of water security with a case of the indirect role of water in global food security.
Water Security, 1, 36–45. https://doi.org/10.1016/j.wasec.2017.06.002
Vermeulen, S. J., Campbell, B. M., & Ingram, J. S. (2012). Climate change and food systems. Annual Review of Environment and Resources, 37.
https://doi.org/10.1146/annurev-environ-020411-130608
Vickerson, A. (2016). Transform waste into protein. Nature, 531(7595), 445–446.
Vitousek, P. M., Naylor, R., Crews, T., David, M. B., Drinkwater, L. E., Holland, E., et al. (2009). Nutrient imbalances in agricultural development.
Science, 324(5934), 1519–1520. https://doi.org/10.1126/science.1170261
Von Braun, J. (2007). The world food situation: New driving forces and required actions. Washington, DC: Intl Food Policy Res Inst.
Von Braun, J., & Meinzen-Dick, R. S. (2009). Land grabbing by foreign investors in developing countries: Risks and opportunities. Washington, DC:
International Food Policy Research Institute.
Von Braun, J., Ahmed, A. U., Asenso-Okyere, K., Fan, S., Gulati, A., Hoddinott, J. F., et al. (2008). High food prices: The what, who, and how of
proposed policy actions. Washington, DC: International Food Policy Research Institute.
Von Foerster, H., & Pask, G. (1960). A predictive evolutionary model. Cybernetica, 4, 258–300.
Vora, N., Shah, A., Bilec, M. M., & Khanna, V. (2017). Food–energy–water nexus: Quantifying embodied energy and GHG emissions from
irrigation through virtual water transfers in food trade. ACS Sustainable Chemistry & Engineering, 5(3), 2119–2128. https://doi.org/10.1021/
acssuschemeng.6b02122
Vörösmarty, C. J., McIntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P., et al. (2010). Global threats to human water security and
river biodiversity. Nature, 467(7315), 555. https://doi.org/10.1038/nature09440
Wackernagel, M., Onisto, L., Bello, P., Linares, A. C., Falfán, I. S. L., Garcıa, J. M., et al. (1999). National natural capital accounting with the
ecological footprint concept. Ecological Economics, 29(3), 375–390. https://doi.org/10.1016/S0921-8009(98)90063-5
Wackernagel, M., Schulz, N. B., Deumling, D., Linares, A. C., Jenkins, M., Kapos, V., et al. (2002). Tracking the ecological overshoot of the human
economy. Proceedings of the National Academy of Sciences of the United States of America, 99(14), 9266–9271. https://doi.org/10.1073/
pnas.142033699
Wada, Y., van Beek, L. P. H., & Bierkens, M. F. P. (2012). Nonsustainable groundwater sustaining irrigation: A global assessment. Water
Resources Research, 48, W00L06. https://doi.org/10.1029/2011WR010562
Wada, Y., van Beek, L. P., van Kempen, C. M., Reckman, J. W., Vasak, S., & Bierkens, M. F. (2010). Global depletion of groundwater resources.
Geophysical Research Letters, 37, L20402. https://doi.org/10.1029/2010GL044571
Wagle, S., Warghade, S., & Sathe, M. (2012). Exploiting policy obscurity for legalising water grabbing in the era of economic reform: The case
of Maharashtra, India. Water Alternatives, 5(2), 412.
Walker, B., & Salt, D. (2012). Resilience practice: Building capacity to absorb disturbance and maintain function. Washington, DC:
Island Press.
Walker, B., & Salt, D. (2006). In resilience thinking: Sustaining people and ecosystems in a changing world. Washington, DC: Island Press.
Ward, F. A., & Pulido-Velazquez, M. (2008). Water conservation in irrigation can increase water use. Proceedings of the National Academy of
Sciences of the United States of America, 105(47), 18,215–18,220. https://doi.org/10.1073/pnas.0805554105
Warren, S. G. (2015). Can human populations be stabilized? Earth’s Future, 3(2), 82–94. https://doi.org/10.1002/2014EF000275
Way, D. A., & Long, S. P. (2015). Climate-smart agriculture and forestry: Maintaining plant productivity in a changing world while minimizing
production system effects on climate. Plant, Cell and Environment, 38(9), 1683–1685. https://doi.org/10.1111/pce.12592
Webber, M. E. (2016). Thirst for power: Energy, water, and human survival. New Heaven, CT: Yale University Press.
Weber, C. L., & Matthews, H. S. (2008). Food-miles and the relative climate impacts of food choices in the United States. Environmental Science
& Technology, 15, 3508–3513. https://doi.org/10.1021/es702969f
Weinzettel, J., Hertwich, E. G., Peters, G. P., Steen-Olsen, K., & Galli, A. (2013). Afﬂuence drives the global displacement of land use. Global
Environmental Change, 23(2), 433–438. https://doi.org/10.1016/j.gloenvcha.2012.12.010

D’ODORICO ET AL.

530

Reviews of Geophysics

10.1029/2017RG000591

Wellesley, L., Happer, C., & Froggatt, A. (2015). Changing climate, changing diets: Pathway to lower meat consumption, Chatham House
Report, The Royal Institute of International Affairs, London.
West, P. C., Gerber, J. S., Engstrom, P. M., Mueller, N. D., Brauman, K. A., Carlson, K. M., et al. (2014). Leverage points for improving global food
security and the environment. Science, 345(6194), 325–328. https://doi.org/10.1126/science.1246067
World Food Programme (2012). Nutrition and the World Food Programme: Programming for nutrition-speciﬁc interventions (p. 38). Rome:
World Food Programme, United Nations.
Wheeler, T., & Von Braun, J. (2013). Climate change impacts on global food security. Science, 341(6145), 508–513. https://doi.org/10.1126/
science.1239402
White, B. (2012). Agriculture and the generation problem: Rural youth, employment and the future of farming. IDS Bulletin, 43(6), 9–19.
https://doi.org/10.1111/j.1759-5436.2012.00375.x
White, R. R., & Hall, M. B. (2017). Nutritional and greenhouse gas impacts of removing animals from US agriculture. Proceedings of the National
Academy of Sciences, 114(48), E10301–E10308.
Wichelns, D. (2001). The role of “virtual water” in efforts to achieve food security and other national goals, with an example from Egypt.
Agricultural Water Management, 49(2), 131–151. https://doi.org/10.1016/S0378-3774(00)00134-7
Wichelns, D. (2004). The impact of public policies on the sustainability of rice and wheat producation on the Indo-Gangetic Plains. Journal of
Sustainable Agriculture, 23(3), 67–92. https://doi.org/10.1300/J064v23n03_07
Wiggins, S., & Keats, S. (2009). Volatile world food prices and their implications: Grain stocks and price spikes. London: Overseas Development
Institute.
Wiggins, S., & Keats, S. (2010). Grain stocks and price spikes. London: Overseas Development Institute (ODI). Retrieved from http://www.odi.
org.uk/resources/details.asp
Wily, L. A. (2011). “The Law is to Blame”: The vulnerable status of common property rights in sub-Saharan Africa. Development and Change,
42(3), 733–757. https://doi.org/10.1111/j.1467-7660.2011.01712.x
Winemiller, K. O., McIntyre, P. B., Castello, L., Fluet-Chouinard, E., Giarrizzo, T., Nam, S., et al. (2016). Balancing hydropower and biodiversity in
the Amazon, Congo, and Mekong. Science, 351(6269), 128–129. https://doi.org/10.1126/science.aac7082
Wisser, D., Frolking, S., Douglas, E. M., Fekete, B. M., Schumann, A. H., & Vörösmarty, C. J. (2010). The signiﬁcance of local water resources
captured in small reservoirs for crop production–A global-scale analysis. Journal of Hydrology, 384(3), 264–275. https://doi.org/10.1016/
j.jhydrol.2009.07.032
Wolf, A. T. (1998). Conﬂict and cooperation along international waterways. Water Policy, 1(2), 251–265. https://doi.org/10.1016/
S1366-7017(98)00019-1
Woodhouse, P. (2012a). Foreign agricultural land acquisition and the visibility of water resource impacts in Sub-Saharan Africa. Water
Alternatives, 5(2), 208.
Woodhouse, P. (2012b). New investment, old challenges. Land deals and the water constraint in African agriculture. The Journal of Peasant
Studies, 39(3-4), 777–794. https://doi.org/10.1080/03066150.2012.660481
Woodhouse, P., & Muller, M. (2017). Water governance—A historical perspective on current debates. World Development, 92, 225–241.
https://doi.org/10.1016/j.worlddev.2016.11.014
World Bank (2012). Using public foodgrain stocks to enhance food security Report n. 71280-GLB
Worm, B., Hilborn, R., Baum, J. K., Branch, T. A., Collie, J. S., Costello, C., et al. (2009). Rebuilding global ﬁsheries. Science, 325(5940), 578–585.
https://doi.org/10.1126/science.1173146
Wright, B., & Caﬁero, C. (2011). Grain reserves and food security in the Middle East and North Africa. Food Security, 3(1), 61–76. https://doi.org/
10.1007/s12571-010-0094-z
Wright, B. D. (2011). The economics of grain price volatility. Applied Economic Perspectives and Policy, 33(1), 32–58. https://doi.org/10.1093/
aepp/ppq033
Wu, M., Mintz, M., Wang, M., & Arora, S. (2009). Consumptive water use in the production of ethanonl and petroleum gasoline (No. ANL/ESD/
09-1). Oak Ridge, TN: Argonne National Laboratory (ANL).
Xu, H., Paerl, H. W., Qin, B., Zhu, G., & Gaoa, G. (2010). Nitrogen and phosphorus inputs control phytoplankton growth in eutrophic Lake Taihu,
China. Limnology and Oceanography, 55(1), 420–432. https://doi.org/10.4319/lo.2010.55.1.0420
Yeh, W. G. (1982). State of the art review: Theories and applications of systems analysis techniques to the optimal management and
operation of a reservoir system.
Yeh, W. G. (1985). Reservoir management and operations models: A state-of-the-art review. Water Resources Research, 21(12), 1797–1818.
https://doi.org/10.1029/WR021i012p01797
Zarﬂ, C., Hotopp, I., Kehrein, N., & Matthies, M. (2012). Identiﬁcation of substances with potential for long-range transport as possible
substances of very high concern. Environmental Science and Pollution Research, 19(8), 3152–3161. https://doi.org/10.1007/
s11356-012-1046-2
Zarﬂ, C., Lumsdon, A. E., Berlekamp, J., Tydecks, L., & Tockner, K. (2015). A global boom in hydropower dam construction. Aquatic Sciences,
77(1), 161–170. https://doi.org/10.1007/s00027-014-0377-0
Zhao, C., Liu, D., Piao, S., Wang, X., Lobell, D. B., Huang, Y. et al. (2017). Temperature increase reduces global yields of major crops in four
independent estimates. Proceedings of the National Academy of Sciences of the United States of America, 114(35), 9326–9331. https://doi.
org/10.1073/pnas.1701762114
Ziv, G., Baran, E., Nam, S., Rodríguez-Iturbe, I., & Levin, S. A. (2012). Trading-off ﬁsh biodiversity, food security, and hydropower in the Mekong
River Basin. Proceedings of the National Academy of Sciences of the United States of America, 109(15), 5609–5614. https://doi.org/10.1073/
pnas.1201423109

D’ODORICO ET AL.

531

